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PREFACE TO SECOND EDITION. 



Some: of the information contained in the following 
Chapters ^was published as the article "Inland Naviga- 
tion," in the eighth edition of the Encyclopcedia Bri- 
tannica, and was afterwards, in 1858, issued by the 

publishers as a separate work, which has ftr some time 

been out of print. 
I Messrs. Black have asked me to prepare another 

edition ; and in complying with their request it has been 

thought right, not only to notice everything that could 
I be regarded as new in Canal and Eiver Engineering, but 
I also to alter and extend the original matter, instead of 

retaining the condensed style of the first issue, which was 

i 

more suitable for the colxunns of an encyclopaedia than 
the pages of an independent treatise. 

The reader wiU find in the first two chapters a sketch 
of the early history of Barge Canals, and a statement 
of the chief features of their construction, followed by a 
notice of those larger works used by sea-borne vessels, 
which are divided into three distinct classes, represented 
by the Caledonian, the Amsterdam, and the Suez Canals, 
of which I have given a description. 



VI PREFACE. 

The second part of the subject, relating to Rivers and 
Estuaries, embraces a much wider field of inquiry, and 
includes some of the most difficult problems with which 
the engineer has to deal Before entering on it, I thought 
it desirable to explain certain operations in Hydrology, in 
order to enable the student of Engineering to foUow with 
more advantage the succeeding chapters. These expla- 
nations refer chiefly to the method of ma.king tidal obsei^ 
vations, and ascertaining the discharge of streams. 

All rivers on their passage to the sea through ti< 
channels and estuaries, assume certain recognisable an< 
widely diflferent physical features, the characteristics an< 
boundaries of which I have defined. These boundaries' 
divide rivers into what, for our present purpose, may 
perhaps conveniently be termed engineering compart-^ 
ments ; and I have explained the varied works which are 
applicable to each of them, and shown their eflfects by 
describing different navigations where they have been 
successfiilly adopted. 

The concluding chapters are chiefly devoted to the 
origin of "Bars," the effect of "Backwater," and the 
Reclamation and Conservation of Land. 

It seems to me that such branches of Engineering 
may be most usefiilly discussed by explaining general 
principles, — describing works designed to produce certain 
effects, — showing their application in practice, and record- 
ing results. This is the plan I have endeavoured to 
follow, and accordingly every statement of principle has 
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been illustrated by at least one example in practice. 
Where my own experience fiiiled to suggest examples, I 
liad no difficulty in applying to my professional brethren, 
and I have great satisfection in acknowledging the friendly 
interest they took in assisting me to carry out the object 

I had in view. 

It will thus be foxmd that the following pages contain 

a resumS of a pretty wide field of research, which I 
i trust may prove in some respects useftil, if not to the 
\ ^dgineer in his practice, at least to the pupil in the 
dk study of his profession, 
d 
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Edinburgh, April 1872. 
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CHAPTER I. 

BABGE CANAI^. 

Inly history of Barge canals— Inventioii of locks— Langnedoo Canal — Fobs Dyke 
mdCaer Dyke Canals — Bridgewater and other Canab — Difficulties in constmct- 
ing early canals — General principles of canal construction — Supply of water 
— Sectional area — Beaches and locks — Inclined^lanes and perpendicular lifts 
— ^Monkland Canal incline — ^Waste weirs — Stop-gates — Off-lets — ^Drainage of 
towpaths — Puddle — Mode of conducting traffic — Wasting of the banks — 
Steam- towing on Gloucester and other canals — Steam-towing on riyers. 

TBLA.T railways have entirely superseded, and will in Eoriy history of 
firture prevent, the extension of canal or water carriage 

a means of ordinaiy tmnsporfc, must at once be con- 

ceded. The days of the bargemen baiting their horses at 

every stage, and travelling from town to town and from 

Tillage to village at three miles an hour, are ended, and 

the change is not to be regretted. The great objections 

fto relying on canals for keeping up regular internal com- 

f munication are their liability to stoppage from a deficient 

[supply of water during dry seasons, the interruption to 

[ which they are exposed from ice during winter, and, 

i especially, in these days of express railway trains and 

fdectric telegraphs, the very limited speed at which the 

CMml-boats can be propelled. Sir John Rennie, some 

twenty years ago, in speaking of the successftd attempts 

A 
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made to introduce swift boats, and the great improvemen.1 
that was thereby effected in canal transport, says, — " AI 
this, however, came too late ; for although it would havi 
been readily acknowledged at an earlier period, and mi^ 
perhaps, for a whUe, have retarded the railway system 
yet when once the latter was established, its superiorifr 
became manifest, and its progress irresistible."^ T 
modem travellers the old canal track-boat, as compare! 
to the railway train, seems to have got so completely o^ 
of date, that it may at first sight be considered as un 
for to describe, even briefly, a class of works which 
almost be regarded as obsolete. It appears to me, h 
ever, that the simple consideration of the great antiq 
of navigable canals, their wide-spread introduction throu 
out the world, the important place which they have 
long occupied in the commercial history of every counti^ 
and, above all, the noble specimens which they afford 
hydraulic engineering of a confessedly difficult natur 
executed at a period when the mechanical appliances i 
modem times were imknown, give to such works an in 
portant place in the history of Inland Navigation. 

From the writings of Herodotus, Aristotle, Pliny, arj 
other ancient historians, we learn that canals existed i 

I 

Egypt before the Christian era, and there is reason i 
believe that at the same early period artificial inlan 
navigation had also been introduced into China. Almoi 
nothing, however, save their existence, has been record^ 
with reference to these very early works ; but soon aft^ 
the conmiencement of the Christian era canals were int 

* MintUes of Proceedmgt o/IngtUuUon of Civil Engineers, vol. v. p. 78. 
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wed, and graduallj extended throughout Europe, in 
aly, Spfun, Russia, Sweden, Holland, ajid France.' 
In speaking, however, of the earliest of these works, 
is not to be supposed that they resembled the modem 
constructed in our own and other countries. It was 
t initil the invention of canal-locks, by which boats could 
liaDsferred from one level to another, that inland navi- lo 

waa rendered generally applicable and useftd; and it 
been truly remaiked, " that to us, living in an age of 
in-«ngines and daguerreotypes, it might apjiear strange 
1 &a invention so simple in itself as the canal-lock, and 
uded on properties of fluids little recondite, should 
escaped the acuteness of Egypt, Greece, and Rome."* 
only, however, had the invention escaped the notice 
the ancients, but what is more striking, the several 
Ldations made towards the attainment of that simple 
valuable improvement appear to have been so gradual, 
it, like many discoveries of importance, great doubts 
Bt as to the person and even the nation by whom 
lal-locks were first introduced. One class of writeis 
ributes the discovery to the Dutch ; and Messrs. Tel- 
i and Nimmo, who wrote the article on Inland Navi- 
ion in Brewster's Edinburgh Encyclopedia, adopt the 
chuiion that locks were used in Holland nearly a 
tury before their appUcation in Italy ; while, on the 
er hand, the invention has been strongly and not 
neasouably claimed, for engineers of the Italian school, 

PitJtnn on Canal Nftrigatioa, Loniloii, 17M ; VallaocHy's TreatUt on /nlantl 
iV<Un>n, Doblin, 1763; T&ttuun'a PolUieal Eeawrmy of Inland Nafiyadon, 
loD, 1789; " Inland Navigatioo," Brewslar'a Sdiaburslt Eneyriopoilia. 

Qmattaif Seviea, No. cxlvi., " Navigable Tuimls," hy Pftul Friai. 
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and, in paxticular, for Leonardo da Vinci, the celebrated 
engineer and painter.^ Without, however, entering into a 
discussion of this question, which it is now perhaps 
impossible to solve, we may safely state, that during the 
fourteenth century the introduction of locks, whether of 
Dutch or Italian origin, gave a new character to inlaod 
navigation, and laid the basis of its rapid and su 
extension. And here it may be proper to remark, 
the early canals of China and Egypt, although desti 
of locks, do not appear to have been on that acco 
formed on a uniform level unadapted to varying heig 
I do not know that the use of locks has even yet 
introduced into China, intersected as it is by 
canals of great antiquity and extent;' and in order 
pass boats from one level to another, the Chinese ha 
from a very early period, employed stop-gates and 
clined planes of rude construction. Nevertheless, t 
invention of locks was, as already noticed, a most impo 
tant step in the history of canals; and that mode 
surmounting elevations may be said to be almost univet 
sally adopted throughout Europe and America. Inclinec 
planes and perpendicular lifts have, it is true, been em 
ployed in these countries, as will be noticed hereafter! 
but the instances of their appUcation are undoubtedlj 
rare. 

But without'tracing the gradual introduction of canah 
from country to country, I remark at once, that we fiad 
the French, at the end of the seventeenth century, 



* Frisi on Navigable Canals, p. 154. 

' The Imperial Canal in China is said to be upwards of 1000 miles in lengtli 
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le reign of Louis xiT., forming the Langiiedoc Cauai, 
ftween the Bay of Biscay and the Mediterranean, a 
tttic work, which was finished in 1681. It is 148 
1 in length, and the summit-level is 600 feet above 
sea ; while the works on its line embrace up- 
uds of one hundred locks and about fifty aque- 
icte, — the whole forming an undertaking which is a 
; monument of the skill and enterprise of its pro- 
; and with this work as a model, it seems strange 
t Britain should not, tiU neaiiy a century after its com- 
iioa, have engaged in vigorously following so laudable 
Baample, But this indeed is all the more extraordi- 
f, Boeing that the Komans in early times had executed 
9 in England, which, whatever might have been their 
; use, whether for the piu'poaes of navigation or 
were ultimately, and that even at an early 
iod, converted into navigable canals. Of these works 
Bjticularly specify the Caer Dyke and Fosb Dyke cuts 
Lincokishii'e, which are by general consent admitted to 
I been of Roman origin. The former extends from 
(terborough to the river Witham, near the city of 
icoln, a distance of about 40 miles; and the latter 
bends from Lincoln to the river Trent, near Torksey, a 
tance of 1 1 miles. 

Of the Caer Dyke the name only now remains, but the 
s Dyke, though of Koman origin, stUl exists, and, as it fom D yk* 
the oldest British canal, the reader may be interested 
learn the following &cts aa to its history, which I 
hexed some yeara ago, when designing works for 
improvement. Camden in his Britannia states that 
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the Fobs Dyke was a cut originally made by t^ 

Eomans, probably for water-supply or drainage^ ai 

that it was deepened and rendered in some measu 

navigable in the year 1121, by Henry L In 1762 it th 

reported on by Smeaton and Grundy, who found the dep 

at that time to be about 2 feet 8 inches.^ They, ho 

ever, discouraged the idea of deepening it by excavati 

They say they found " the bottom to be either a roti 

peat earth, or else a running sand,'' and that though i 

deepening of the navigation is in " nature possible," 

it " cannot be effected without removing one of the bar 

in order to widen the same," which would not only t 

out expensive, but would "occasion much loss of ti 

and profit to the proprietor, while the work is executii 

Nothing followed on this report, but in 1782 Smea 

was again called in, and deepened the navigation to 3 i 

6 inches, not, however, by widening the canal or dredgi 

but by raising the water-level 10 inches.' From t 

period nothing more was done to enlarge the water-T^ 

or adapt it to increased traflBc. Meantime, howe^ 

the adjoining Witham navigation, having been 

proved, the defects of old Foss became more appari 

and in 1838 Mr. Vignoles was consulted, and made 

elaborate report on alternative schemes for increasing 

depth to 4 and 6 feet ; nothing, however, was done 

1840, when Messrs. Stevenson of Edinburgh were 

ployed to design works for assimilating the Foss Dyke 

far as practicable, both as regards width and depth, to 

navigable channel of the Witham. On examinatio 

1 SmeAton*! BeparUt vol. i. p. 55 : London, 1812. ' Ibid. p. 74. 
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und Uio depth of the Foss to be 3 feet 10 inches, and 
I breadth in many places was insufficient to admit of 
boats passing each other, and for their convenience 
laonal pausing plac^ had been provided. It was 
Bolved to increase the dimensions of the canal, and to 
pair the whole work. Accordingly it was widened to 
e minimum breadth of 45 feet, and deepened to the 
teit of 6 feet throughout ; alterations which were ac- 
DjJiahed, without stopping the traffic, by using steam 
d liand dredges, specially designed for the purpose. 
} entrance-lock, commimicating with the river Trent 
Torksey, was renewed, and a pumping - engine was 
cted for supplying water from the Trent during dry 
., and thus that ancient canal, which is quoted by 
liord and Nimmo as " the oldest artificial canal in 
was restored to a state of perfect efficiency at a 
t of about £iO,000, fo rmin g an important connecting 




k between tbe Trent and AVitham navigations. Fig. i, 
idi is a cross section at a place called " the Narrows," 
i the former bed and banks in dotted lines, and the 

[d lines show the dimensions to which the canal was 

ireased. 
Notwithstanding the existence of this eaxly work, 

(rever, and of some others in the country, particularly 
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Mdgewater 
Ad other 
/tnaU. 



the Sankey Brook Navigation, opened in 1760, it caimot 
be doubted that the formation of the Bridgewater Canal 
in Lancashire, the Act for which was obtained in 1759, 
was the commencement of British Canal Navigation ; and 
that Francis Duke of Bridgewater, and Brindley tbe 
engineer, who were its projectors, were the first to gm 
a practical impulse to a class of works which, under the 
guidance mainly of Smeaton, Watt, Jessop, Ninmw, 
Bennie, and Telford, has been very generally adopted 
throughout the country, and has undoubtedly been 
vast importance in promoting its commercial prosperity*^ 
According to Mr. Smiles, the barge canals laid out 
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Miles. 


The Duke's Canal, 


Longford Bridge to Buncom, 


24 


Worsley to Manchester, 


10 


Grand Trunk, from Wilden Ferry to Preston 




Brook, 




88 


Wolverhampton, 




46 


Coventry, 




36 


Birmingham, 




24 


Droitwich, 




5 


Oxford, . 




82 


Chesterfield, 




46 



361 

It is believed that the length of these inland boat- 
navigations, constructed in Britain, exceeds 4700 miles. 

Many of them were carried at great cost through 
and over valleys. The Harecastle tunnel on the Granc 

^ History of Inland Navigation, particularly those of the Duke of Bridge 
water, London, 1786 ; Hughes's Memoir of Biindley, Weale's Quarterly Papers] 
London, 1843. 

^ Smiles*i Lives qf the Engineers, 
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nk Canal, made by Brindlej, and afterwards doubled 
Telford, is nearly one and a half mile in length ; and 
t Pont-y-Cyssylte aqueduct, on the Ellesmere Canal, 
ff the Dee, constructed by Telford at a cost of £47,000, 
B nineteen openings, 45 feet span, and is elevated 126 
Bt above the river, the canal being carried across in a 
it-iron trougL^ 
It must be obvious that, to construct a navigable chan- DiiBcnhiai ia 
Ithrough a country varying in level, and affording per- 
no great &cilities for obtaining a supply of water, 
high engineering skilL Vast reservoirs must in 
cases be formed for storing the water necessary to 
)ly during dry seasons the loss by lockage, leakage, 
evaporation. Feeders must be made to lead this 
)T to the canal ; hills must be pierced by tunnels ; 
leys must be crossed on lofty embankments, or spanned 
•^pacious aqueducts ; and, above all, the whole must be 
Qceived and laid out with scrupulous regard to the all- 
portant object of securing the works against injury from 
overflow of water during floods, and a consequent inimda- 
of the surroimding coimtry. Moreover, the necessity 
laying out the canal in level stretches, and surmounting 
Bvations by means of locks or inclined planes, occurring 
. intervals, often occasions much difficulty, and greatly 
stricts the resources of the engineer. Taking, then, all 
pse circumstances into consideration, and bearing in 
nd that canals were the pioneers of railways, we think 
I may safely be affirmed that the canal engineers of 
nner days had much more serious physical difficiilties 

K ^ Life of Telford, London, 1838. 
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to contend with than are experienced in canying out tb 
railways of modem times ; if we except such works as th 
Britannia Bridge, the high-level bridge of Newcastle, th 
Boxhill Tunnel, and some other kindred works. Bat 
indeed, their mechanical difficulties were also greater 
for the introduction of steam, and its wide-spread appK 
cation to all engineering operations, affords &cilitieB t| 

I 

the engineers of the present day which Smeaton at 
Eddystone, Stevenson at the Bell Rock, and Bennie 
Telford in their early navigation works, did not eq 
The distinguished merits of the engineers who pract 
in the former, and at the commencement of the pr 
century, cannot indeed be over-estimated; and had it 
within the scope of this treatise I should readily, beca 
I am sure profitably, have described in detail some of 
grand aqueducts and other works on the lines of 
canals. AU I can do, however, consistently with 
limits to which I have restricted myself, is to indicate 
general principles which should guide the engineer 
selecting the route for a canal, referring for details 
construction to treatises on the Strength of Materia 
Bridge-building, Timnelling, Earthwork, Masonry, Carpe 
try, and Reservoirs, all of which are more or less applicab 
to the formation of canals ; and perhaps the best referen 
to books on these various subjects is to be found in Pr 
fessor Rankine's valuable Manual of Civil Engineering. 
General prin- I shall Only therefore offer to the student the foUo] 

c!plf» of canal . ^ . . . . i n ,. i 

oonitruction. lug summsiy of engineering prmciples, generally applical 

to all cases. 

A canal cannot be properly worked without a full si 
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UTiter, calculated to laat over the driest seaaon ofs„ppiyr.f I 
■, and in that reapect, except aa to the quality of 
ar, demands all the care and attention requisite in 
^ting the sources of water for supplying towns, 
be no natural lake in the district available for 
ig the canal, and aflbrding storage for dry seasons, 
gineer must select such situations as are suitable 
construction of artificial reservoirs, and the condl- 
I be attended to in selecting their positions are the 
B those for water-works. They must command a 
at area of drainage to supply the loss by leakage, 
ition, and lockage, dvie to the length of the canal, 

Imber and size of the locks, and the probable amount 
3c. The capabiKty of the district to afford this 
will dej)end on the area of the watershed, and the 
amount of rain-iall, as ascertained by accurate 
age observations. The off-lets from the reservoirs 
B at such an elevation as to admit of water being 

cdto the s^Immit-level of the canal. The embank- 
for retaining the water must be erected on sites 
g a favourable foundation, and so situated, with 
fi to the valley above them, that they shall, with 
■imum height and length of embankment, dam up 

tximum amount of water. It is further necessary 
ider whether the subsoil of the valley forming the 
ii8 is throughout of so retentive a nature as to 
i leakage ; and it is also essential to provide, by 
of waste weirs, for the discharge of floods. The 
nian Canal, to be afterwards noticed, is, in this 
, very lavourably situated, the whole supply being 
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Sectional area. 



obtained from natiiral locha In other cases, such as tlie 
Union, Forth and Clyde, Crinan, Birmingham, and 0&at 
canals, it has been foimd necessary to construct laigs 
artificial reservoirs, from which the water is led in feedm 
to points convenient for forming a junction with 
canaL The water in these reservoirs is stored v^ 
winter, and let off as required during the droughts 
summer. In situations where the canal comm 
with the sea or a tidal river, and where the natural 
ply is small, as at the Foss Dyke, already referred to, 
water is mised by pumping engines. 

The sectional area of the barge canals construe 
this coimtry are between 4 and 5 feet in depth, 
the soil in which they were made was retentive, t 




h -WW 




Fio. 2. 



were formed as shown in the cross section, fig. 2. Bi 
when the soil was porous, clay-puddle was introduced, 
shown in %. 3. Professor Eankine says the depth 




Pig. 3. 

water and sectional area of water-way should be such 
not to cause any material increase of the resistance 
the motion of the boat beyond what it would encouni 
in open water, and gives the following rules as 
these conditions : — 
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breadth at bottom, = 2 x greatest lireadtli of boat. 
dcptb of water, = 1 J foot + greatest (baught of boat. 
area of water-way, = C x greatest midsbip aectiou of boat. 

laying out a line of canal, the engineer is much more iteKbc* 

, than in fixing the route of a road or railway, 

gradients more or less gentle can be introduced to 

le undulating surface of the country. A canal, on 

mtrary, must follow rigidly the bases of sloping 

and the windings of valleys, so as to preserve a 

I level, and it is of great importance to lay out the 

1 long reaches, on the same level, and to overcome 

ions in cumulo, by means of locks at places where 

iture of the country admits of its being most advan- 

aly effected. This not only leads to a saving of 

jiee and expense in working the canal, but is also 

convenient, as presenting fewer stoppages to the 

; but, according to Professor Rankine, single locks 

are iavourable than flights of locks to economy of 

The means of overcoming the difference of level 

n the various reaches must depend very much on 

istances. With few exceptions, the change of level 

Aed by means of locks, which generally have a lift 

sr 10 feet, though in some cases it is somewhat 

The dimensions of the locks ought to be regu- 

by the traffic; but they should, in order to save 

, be as nearly as possible the size of the craft to be 

(■d through tiiem, allowing about a foot of extra 

,'Uh and draught of water. The barge canals of which 

■11 speaking have locks about 8 feet in breadth, and 

■um 70 to 80 feet long, and their use in raising or lower- 
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ing boats £rom the different reaches are so well kno\« 
not to require explanation. 

The water is generally admitted into and flows 
each lock by sluices formed in the gates. Sir Wi] 
Cubitt, in carrying out the improvements of the Se 
navigation^ introduced the water through a cuj 
parallel to the side wall of the lock, and opening in 
centre by means of a tunnel, which admits 16,000 < 
feet of water to flow into or out of the lock in 1^ min 
and in little more than that time loaded vessels ca 
Inclined planes passod through.^ IncUned planes and perpendi< 
dicuiar lifts. Ufla, which havc the great advantage of saving w 
have also been adopted so long ago as 1789 on 
Ketling Canal in Shropshire, and afterwards on 
Duke of Bridgewater's CanaL The most extensive 
plication of inclined-plane navigation which I have i 
is that of the Morris Canal in the United St 
constructed by Mr. Douglas of New York, on w 
there were no fewer than twenty-three inclined pL 
having gradients of about 1 in 10, with an average 
of 58 feet. The boats weighed, when loaded, 50 
and after being grounded on a carriage, were raise( 
water-power up the inclines with great ease and ex] 
tion. The length of the Morris Canal, between the r 
Hudson and Delaware, is 101 miles, and the whole 
and fall is 1557 feet, of which 223 are overcome by 1< 
and the remaining 1334 by inclined planes.^ When 
describing this work in my book on American Engi] 

^ Minutes of Proceedings of Institution of Civil Engineers, voL v. p. 34 
* Stevenson's Sketch of Civil Engineering in North America. 
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I stated that the principal objection to the use of In- 
plaues for moving boats fitjm different levels waa 
injury they were apt to sustain in supporting great 
^ts while resting on the cradle diuing tbeir progress 
the plane. A slimly-built canal-boat 80 feet long, and 
led with 30 tons, could not be grounded on a smooth 
face without straining her timbers, but this objection 
to some extent been overcome on an inclined plane more Monk 
wUy constructed by Mr. LesKe and Mr. Bateman on the 
(ikland Canal, where the boats are not wholly grounded 
W carriage, but are transported over the incline in a 
Oa of boiler-plate containing 2 feet of water, and are 
VKiter-boiTie. This inclined plane is wrought by two 
-pressure steam-engines of 25-horse power each. The 
[ht from surface to sxuface is 96 feet, and the gradient 
in 10. The maximum weight raised is from 70 to 80 
, and the whole transit is accomplished in about ten 
iitea. For the five years previous to the'end of 1856, 
average number of boats that passed over the inchne 
year was 7500. Mr. Green introduced on the Great 
Canal a perpendicular lift of 46 feet. Sir Wil- 
Cubitt has also introduced three inclined planes, 
ig gradients of 1 in 8, on the Chard Canal, Somereet- 
One of these inclines overcomes a rise of 86 feet ; 
'tijey ore said to act very satisfactorily.' 
kn essential adjimct to a canal is a sufficient niuu-waataw 
of waste weirs to admit of the discharge of the sur- 
water which accumulates during floods, and which 
if not provided with an exit, rise to such a height as 

f AmMh o/ Proetedingt qf /ruHtutkn of Civil Enginen-; vol. xui. p. 3US. 
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to overflow the towpath, and cause a breax^li in the ba 
producing stoppage of the traffic and damage to the 
joining lands. In determining the number and podt 
of these waste weirs, the engineer must be guided enti 
by the nature of the country through which the c 
passes. Whenever an opport\inity occurs of discharj 
surplus water from an aqueduct into a stream crosses 
the canal, a waste weir may safely be introduced ; 
independently of this natural facility, the engineer i 
consider from what quarters, and at what points, 
greatest influx of water may be apprehended, and i 
at such places not only form waste weirs of sufficieni 
to let off the surplus, but prepare artificial courses fi 
discharge into the nearest streams. These waste \ 
are overflows placed at the top water-level of the ci 
so that in the event of a flood occurring, the water i 
over them, and thus relieves the banks. The war 
sufficient escape for flood-water has occasioned overi 
of canal banks which were attended with very sei 
injury to the works, and lengthened suspension of 
traffic ; and attention to this particular part of canal 
stniction is of essential importance, 
stop-gates. It is ncccssary to introduce stop-gates at short u 

vals of a few miles, for the purpose of dividing the c 
into isolated reaches, so that in the event of a br 
occurring, the gates may be shut, and the discharg 
water confined to the small reach intercepted between 
of them, instead of extending throughout the whole 
of canal. In large works these stop-gates may be i 
advantageously formed in the same manner as the ^ 
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ii[;lLS,two pairs of gates being made to shut in opposite 
it-tiona. In small works they may be made of thick 
I -U, whict are slipped into grooves formed at those 
•" iw parts of the canal which occur under road bridges, 
.' cDDtnuitions made at intermediate points to receive 
ui. Self-acting stop-gates have been tried, but their 

■ -'ss has not been such as to lead to their general in- 
liiction. Stop-gates are further found to be very useful 
■■laee of repairs, as they admit of the water being 

jff from a short reach, when the repairs can be made, 

I the water afterwards restored, with comparatively 

•■' interruption to the traffic. Theu- value in obviating 

ma accidents was well exemplified on one occasion in 

■iwn experience. The water dming a heavy flood 

■ 1 "v.^r the towing-path of the Union Canal conneci- 

: i^h and Glasgow, near the end of an aqueduct 

ined a high embankment, and the uncontrolled 

'eut carried away the embankment and the soil on which 

Mited, to the depth of eighty feet. Jis measured from 

■ t(ip water-level. The atop-gates were, on the occa- 
I referred to, promptly applied, and the discharge con- 

1 to a short reach of a few miles, otherwise the injury 

■jh was, even in its modified form, very considerable) 
il'i have been enormous, not only to the canal works, 

t'j the adjoining lands. 

I'-.-r the purpose of draining off the water to admit ofTU' 
I paini after the stop-gates have been closed, it is 

I r to introduce, at convenient situations, a series 

■:i(fl called " off-lets," which are pipes placed at the 

fl nf tho bottom of the canal, and fitted with sluices 
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which can be opened and shut when required. T] 
off-Ieta are generally formed at aqueducts or bridges ci 
ing rivers where the contents of the canal can be rui 
into the bed of the stream, the stop-gatee on eii 
side being dosed, so as to isolate the part of the a 
from which the water is withdrawn. 

In executing the work, provision must be made 
the proper drainage of the towpath, which should 
made highest at the side nezt the canal, and sloped i 
a gentle inclination towards the outside. The drain 
of the towpath should be carried to a sky drain, anc 
intervals passed' below it into the canal, as shown in fi| 




The preservation of the banks at the water-line is 
a matter of importance. " Pitching" with stones 
" feeing" with brushwood are employed, and, in my 
perience, the latter, if well executed, forms an econoD 
and effectual protection. Fig. 4 is a section of these wi 
as executed at the Fosa Dyke. 

In forming the alveus or bed of the canal, great 
must be taken, especially on embankments, and eve: 
cuttings, where the soil is porous, to provide aga 
leakage by using puddle, aa shown on fig. 3, page 
And here it is proper to remark, that an all-imporl 
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iw, as affecting the construction of the works, is the 

ibility of getting clay in the district, or such other 

il as uuij he worked into puddle, on the good quality 

which the stability of the reservoir embankioents, and 

e impendousness of the beds and banks of the canal, 

ly dei>end. 

licse are the only points of general appUcation, in the 
utatruction of canals, to which I can advantageoiLsly 
and in applying them to each case, the student 
he guided, Jirst, by theoretical knowledge, to be 
Injured by a carelul study of his profession ; and, 
wndly, by that experience which can be gained only 
ftttendance on works in actiial operation. 
The best mode of conducting traffic on canals and Mode or « 
^■■M' hardly within the limits of this treatise, seeing on cuulIi. 
^^^Kis a subject not directly connected with the 
^piwtion of canals or the improvement of rivers, but 
tber with the use made of them after having been con- 
rueted or improved. 

Not a little, however, has been written on the subject, 
id I refer the reader who wishes to study it fully, to the 
Jservations made by Mr. Walker and Mr. George Eennie, 
I the Transactions of the Royal Society and of the Institu- 
Ml of Civil Engineers, and especially to the very valuable 
Bearches on hydrodynamics by Mr. J. Scott Kusaell, in 
* Transactions of the Royal Society of Edinhiinjh. 

These investigations were made before the general 
tahliBhment of railways, at a time when swift canal 
ivelling seemed still a desirable attainment, and no- 
be more interesting than Mr. RuaseU's able 
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treatment of that subject. But though boats propelkd 
at high speed on canals have given place to rmlw^f^ 
carriages, yet the canal traffic must be conducted, 
the cheapest means of eflfecting the " haulage" with 
least danger to the banks is still an important inquiij^ 
and has ^thin the laat few years afforded matter 
some highly interesting papers and statements in 
Proceedings of the Institution of Civil Engineers. 
are communications on the employment of steam 
on the Gloucester and Berkeley Canal, by Mr. W. 
degram ; on the Grand Canal, Ireland, by Mr. 
on the Forth and Clyde, by Mr. J. Milne ; and ott^ 
Aire and Calder, by Mr. W. H. Bartholomew, to 
which I refer as containing valuable information.^ 
Parting of the One of the great objections to high speeds on n 
channels is the wasting of the banks by the displace 
produced in propelling the vessel through the water, 
wasting indeed takes place even with very low speeds, 
as a matter of canal engineering it is necessary to noti 
To give an instance of the eflfect on the large scale : Mr. 
says that the river-steamers on the Clyde, going at a s 
of eight to nine miles per hour, produce a swell which 
mences to rise when the vessel is " two or three miles 
— Si circimistance which was first noticed by Mr. J. 
Russell in 1837. The swell gradually increases aa dft 
steamer approaches, and at last, becoming a wave of tranfr 
lation, it breaks on the river walls nearly abreast of the vefr 
sel, following her on her course along the river, as a violflrf 
breaking wave, measuring sometimes 8 or 1 feet from thl 

1 Minutes of Proceedings of Institution of Civil Engineers^ vol. xxvi. p. 1. 
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loUow in the channel to the crest on the walL A coat- 
ing of heavy whinstone rock, from 2 to 3 feet thick, ex- 
tending from low to high water mark, is foimd necessary 
to enable the banks to withstand it. Mr. Ure also foimd 
that the action of passing steamers, though veiy destruc- 
tive to the banks, was useftd in stirring up the mud from 
the bottom, which was carried off by the currents to an 
extent which he estimates to be from 20 to 25 per cent, 
rf the whole quantity dredged from one particular part of 
Jibe river wher« he caxefiJlymeaflured it. It wiU at once 
apparent, that however inconvenient these wasting 
may be in a river, the waves in a canal, though 
ler, ai« nevertheless a source of greater anxiety, act- 
as they do in a narrow artificial channel formed at 
6 places on high embankments, the &ilure of which 

be attended with serious consequences. 
The wasting on canals where the traffic is conducted 
'tt a moderate speed is found to extend not more than 
18 inches to 2 feet, that is, 1 foot above and below the 
water-line, and Mr. Clegram states that he has found on 
tile Gloucester Canal that a facing of stone filled into a 
recess cut in the banks formed a complete protection. 
The stone fiicing is about a foot in thickness, and is 
formed of stones from 18 to 20 cubic feet. The protec- 
tion adopted at the Foss Dyke Canal consisted of fascines 
of brushwood, as shown on page 18, and was foimd to be 
Diost effective. 

What has lately led to the consideration of the best steam-towing 

/» • t t ^ f I'll 1 «»x on Gloucester 

^eans of protectmg the banks of canals is the substitu- and other 
tion of steam for horse power in working the traffic, and 
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this has been entirely successful The first atten 
using steam-power on canals was made on the Fort 
Clyde Canal with Symingtons boat in 1789. Mr. 
states the results of various experiments to int] 
tugs, but these were ultimately abandoned in fav 
steam-lighters, which now in great niunbeiB naviga 
canal, and make passages to Leith, Greenock, and 
trading ports on the Firths of Forth and Clyde. 

This system, however, would not suit the trade 
Gloucester Canal, which is chiefly frequented b; 
borne vessels, and Mr. degram, its engineer, gi^ 
interesting accoimt of the introduction of steam-t 
on that navigation. The following extracts fro 
paper seem generally applicable to all navigations 
towing is to be adopted. He says the navigatio: 
ship canal leading from the Severn at Gloucester 
Severn at Sharpness Point. It is 16^ miles in L 
and has a depth of water varying, a^ording to the 8 
from 18 feet to 18 feet 6 inches. Vessels up to 60 
and 700 tons register navigate the canal to Glou( 
Prior to the year 1860 all sea-going vessels passing th 
were towed by horses, the niunber of horses being reg 
by a scale varying from 1 horse for a vessel of 40 toD 
horses for a vessel of 420 tons. The cost of this amo 
generally to about one farthing per ton per mile ( 
register tonnage of the vessel The speed varied 1 
mUe to 3 miles per hour, according to the size of the 
and the state of the weather. 

In 1860 steam-tugs were placed upon the cai 
do this work. They are iron boats, 65 feet long, 1 
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r 6 feet 3 inches of water, 6tted with high- 
nee, the diameters of the cylinders are 20 
, viith a length of stroke of 18 inches, the presaiire 
1 steam being 32 lb. on the inch, and the cost of 
^ £3000. Nearly the whole of the sea^going craft are 
r towed by these tugs. The vessels range from 30 
tons ap to 600 and 700 tons renter, with a varying 
■Iniiight of water of from 6 to 16 feet. They are towed 
wtier singly or in a train, according to circumstances. 
[ Sfflnetimea as many as nine, ten, and even thirteen loaded 
i of from 50 to 100 tons register have been towed 
Sie tug at the rate of 3 miles to 3J miles an hoxir. 
■ heaviest load drawn by any one tug has been 1690 
I of goods, in three vessels. Their draught of water 
1 from 1 4 feet G inches to 1 5 feet G inches, and they 
b taken the whole length of the canal at the speed of 
lilea an hour. The smaller vessels are towed at a 
; of 4 miles an hour, to which as a rule they are 



lie employment of steam as a towing power has been 
I in nearly every way advantageous. The work is 
itly economized. The vessels rub much less against 

i sdee of the banks, the power being right ahead, 
1 not on one side, aa with horses. The wear on 

I ropes used in tracking is much reduced, the speed 
, and vessels can now be moved along the 
I in weather which would have prevented horses 
» the work. With a strong wind athwart the canal 

bis cannot be tracked in train ; they must then be 
u singly, or at most two at a time. Wten vessels are 
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towed in train, as a rule the largest and heaviest draughted 
are placed first, and the hawser leading from the firat 
vessel to the tug, is taken from each side of the bow. 
With this arrangement, and a skilfrd management of tiie 
tug, the vessel can be kept fairly in the line of the canaL 

The one and only disadvantage of this system, on a canal 
the sides of which are unprotected, is the additional wear 
caused by the constant passage of the tugs as well as by tb 
run of water between the sides of the large vessels and tlii^ 
banks. Such vessels occupy a large part of the 
area of the canal, and being taken along at a much 
speed than they were by horses, the back run of water! 
more rapid and prejudicial When the vessels or ti 
of vessels are heavy, and the tugs are working up to 
ftdl power and speed, the water thrown back by 
action of the screw against the bow of the first vess( 
thrown off by it to the banks on either side, and is 
cause of considerable wash. This has been attempted i 
be remedied by placing the first vessel farther back 
the tug ; but in practice it is foimd that a distance d 
from 40 to 50 feet is the farthest separation that can h 
allowed without sacrificing that hold between the two 
which prevents the vessel sheering from side to side. Tta 
first vessel, being kept steadily in her course, the othefl 
follow without much diflSculty. 

The employment of tugs has afforded an unexpected 
fax3ility in cleansing the canal from the deposit of mud 
Formerly it was diflficult to remove this deposit from tfe 
slopes of the banks. It was dangerous to apply tfe 
dredger, and although the mud in the bottom of th 
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mal could be removed, it collected on the slopes, and at 
imes inconveniently contracted the capacity of the canaL 
Since the vessels have been moved at greater speed and 
n trains, this deposit has been entirely removed from the 
ibpes to the bottom of the canal, whence it can readily 
» taken out by the dredger. 

Steam-power is even more important as connected with steam towing 
he traffic on navigable rivers, but as already stated, I do 
lot propose to enter upon it, but must refer to treatises 
Bi Steam Navigation ; I shall only remark that while it 
■ oonducted on oiu: narrow rivers by employing, as in 
iie case of the Tees, sometimes as many as three tugs 
|d take a large iron steamer of 3000 tons frpm the 
Iding yards of Stockton to the sea, in America 
process is reversed, one large powerfiil steamer being 
loyed on the capacious rivers to tow a whole fleet of 
jIs. The towing of vessels on the Mississippi and 
fit Lawrence has been brought to great perfection. I 
iad an opportunity of witnessing this on the St. Law- 
rence ; having passed from Quebec to Montreal in a large 
powerful tug-steamer, carrying goods and many hundreds 
of passengers, and having no fewer than five sea-borne 
vessels in tow, drawing from 7 to 1 2 feet of water. These 
vessels were aU towed by separate warps, and were ranged 
^m of each other in two lines, three of them being 
Diade fast to the larboard and two to the starboard side 
of the vessel The management of a large steamer with 
80 many vessels in tow, in the intricate navigation and 
^ng currents of the St. Lawrence, required no small 
^ount of skill ; but when it was necessary to stop the 
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steamer to take in Aiel, the captain dropped t^e vef 
astern and again picked them up on resviming Ms cou 
with a dexterity which I have never seen equaUed, 
we made the passage of 180 miles in forfcj hours, beioj 
the rate of i^ miles an hour, against a current avera^ 
3 miles per hour. 



CHAPTER IL 

SHIP CANAM. 

ity of Ship canalB — Langaedoc, Forth and Clyde, and Crinan Ganala — Ship 
aaiala divided into three eectionB : those through high districts of country ; 
kbroogb low-lying districts ; and those without locks, deriving their water- 
supply from the sea— Caledonian Canal — Canals of North Holland — ^Amster- 
dam Canal — Suez CanaL 

The statement at the b^inniiig of the last chapter, utility of ship 
i to railways having superseded canals, applies to the 
nailer canals we have been considering, but is not true of 
be larger class of works still to be noticed. Ship canals 
mdisturbed by competing schemes retain all their usefiil- 
leBB, and indeed in the recent construction of the Suez 
md new Amsterdam Canals have acquired an importance 
before imclaimed for works of that class. Their use- 
ftihess in affording a short and sheltered passage for 
Bea-bome vessels, enabling them to escape tedious and 
Bometimes dangerous coasting voyages, was early ac- 
knowledged, and can hardly be over-estimated. 

The Languedoc Canal, already mentioned, by a short 
passage of 148 miles saves a sea voyage of upwards of 
2000 miles through the Straits of Gibraltar. The Forth 
^d Clyde Canal, projected by Smeaton in 1764, and 
opened in 1790, enables sea-borne vessels, not exceeding 
^ feet draught of water, to pass from opposite coasts of 
Scotland by 35 miles of inland navigation; and the 
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Crinan Canal substitutes a short inland route of 9 miles] 
for a sea voyage round the Mull of Kintyre of about 70| 
miles. 

To most of the early ship canals that have been exi 
cuted, the principles of construction stated in the 
ceding chapter are generally applicable — ^the depth 
water and the dimensions of the locks being increased 
admit the larger size of craft which use them, — ^and 
fore I do not propose to describe them ftirther; but 
would not do to dismiss the subject without referring i 
detail to some of the largest of these canals, in order 
illustrate the different character of work employed to 
the varied physical aspects of the countries t] 
which they pass, and I think the student of ei 
will find that the works themselves are so interestiaf 
to demand special notice. 
Ship canals I proposo to divide ship canals into three sections 

divided into 

three classes. Fivsty Cauals which ou their route from sea to 

traverse high districts, surmoimting the elevation by h 
supplied by natural lakes or artificial reservoirs, such 
Languedoc or Caledonian Canals. 

Second, Canals in low-lying districts, which are 
on a uniform water-level from end to end, and are de- 
fended against the inroad of the sea at high water ty 
double-acting locks, which also retain the canal- water at 
low tide, such as the canals of Holland and other low- 
lying countries. 

Thirdy Canals of which the Suez is the only example 
yet made, without locks at either end, and conmumicatiDg 
freely with the sea, from which it derives its water-supply. 
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Ness, and Loch Doughfour, and thence are conveyed ii 
the Moray Firth by the river Ness. 

Loch Oich, the snimnit-level of the canal, has an 
of about 2 square miles, and the present standard levelj 
its surface is understood to be 102 feet above the leyd'i 
mean high-water of neap tides in Beauly Firth. It 
ceives the drainage of Loch Quoich and Loch Grany. 
waters of Loch Oich are discharged through the m 
Oich into Loch Ness, which is about 24 miles in 
and has an area of about 30 square miles. Loch Nf 
receives the waters of the Tarff, the Foyers, and 
moriston, and the drainage of numerous other streams 
lakes of less note. It discharges its waters throu^^i 
comparatively narrow neck, caUed Bona Passage, into 
small loch of Doughfour, from whence they find an 
to the Beauly and Moray Firths by the river Neaa^ 
which the town and harbour of Inverness are sil 
The drainage of the western district of the country, indi 
ing Loch Arkegg, finds its way into Loch Lochy, wl 
is about 10 nules long, and thence, by the river Loch] 
to the western sea at Loch EiL 

The two locks in Loch Beauly, at the northern eiM 
trance to the canal, are each 170 feet long, 40 feet wid^^ 
and have a lift of about 8 feet. At Muirtown, a Uttk] 
feirther on, are four locks, of 180 feet in length and 40 
feet in width, having a rise of 32 feet, raising the canal 
to the level of Loch Ness, which it enters at Bona. The 
works westward of Loch Ness consist of an artificial canal, 
with seven locks, conrniiuaicating with Loch Oich. Be- 
tween Lochs Oich and Lochy are two locks. At the 
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li end of LocH l/ochj is a regulatmg lock, and the 

.1 i.'^ cauried. from tliis point on the level of Loch 

t> Bannavie, where it descends 64 feet, hy eight 

■ ':-d locks, forming what is called in the country 
iiie'a Staircase;" finally, at Corpach, the canal 
U, by t^wo locks, to the level of Loch EU. 

' the -whole distance, ahout 37^ miles may be taken 

I'.ural lake navigation, and the remaining 23 as 

■iQi.-ial. 

Tbe artjiicial canals were made 120 feet in width at 

pwater level, 50 feet at bottom, and 20 feet in depth. 

■ the course of inquiries as to the state of the canal in 

■49, under a remit from the Admiralty, I found that the 

lUowfi at Loch Oich, and the cutting at the summit- 

L had not been carried to the full depth, and an addi- 

I depth had been gained at that place by raising the 

I of Loch Oich ; but still I was led to the conclusion 

he standard depth of the canal cannot be regarded 

bre than 18 feet, giving access to vessels of 160 feet 

• length, 38 feet beam, and 17 feet draught of water.' 

In carrying out this remarkable work Telford had to 

i| with difficulties of no ordinary kind, in rendering 

liluble rugged Highland lakes, and surmounting the 

iinit-level of the glen. The work, which cost about 

■ million sterling, is a noble monument of his engineer- 



I canals of Holland are specimens of the second CwnhomoMi 
I of works to which I referred, and of these a 
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very remarkable one is the North Holland Canal, de- 
signed by M. Blanken, and completed in 1825, who, 
instead of the Highland glens of Scotland, had to deal 
with the proverbial lowness of the country, and to protect 
his works from the assaults and encroachments of the 
waves, and when I examined the work they were locking 
vessels down from the sea into the canaL It extends 
from Amsterdam to the Holder, is 50 miles in length, and 
is formed of the cross section shown in fig. 5. It enables 
vessels trading from Amsterdam to avoid the islands and 
sandbanks of the dangerous Zuider Zee, the passage 
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through which, in former times, often occupied as many 
weeks as the transit through the canal now occupies 
hours. 

It was here that Bakker, a burgomaster of Amster- 
dam, in 1688, introduced his "Camel" for floating laige 
vessels over the shoals of the Pampus between Amster- 
dam and the Texel Roads, by means of which, according 
to Sir John Leslie, an Indiaman which drew 15 feet 
water had its draught reduced to 1 1 feet. The following 
description is given of these camels by Mr. G. B. W. 
Jackson : ^ — " These water camels, of which several were 
kept at Pampus on the Y stream, were used in pairs 
whenever they were required. They were of suffi- 
cient length to suit the largest vessel, being each pro- 

^ Minutes of Proceedings of Institution of Civil Engineers^ vol. vL p. 82. 
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rudder, and with windlasses on the outer 
ttch the ropes were attached for securing the 
ley probably had 31 ship's pumps of 6 inches 
>r. clearing, and about 1 6 valves for letting in 
used to sink them. The complement of men 
them was about 50 to each. They weighed 
ftons, drew about 2 feet 3 inches when empty, 
(hted with 820 tons about 7 feet 5 inches more, 
been broken up, as being no longer required. 

Amsterdam Canal. 

ie North Holland Canal, which has long proved 
to the commerce of the district, is destined soon 
^rseded by the New Amsterdam Canal, a work 
magnitude, which I propose to describe as an 
>n of ship canals of the second class, having re- 
through the kindness of Mr. J. C. Hawkshaw, the 
interesting details regarding it :- 
rapid increase in the trade of the ports to the 
and eastward of the Helder, effected by the 
iion of railways throughout Europe, rendered it 
ive for the merchants of Amsterdam to provide 
r communication with the North Sea than that 
led by the North Holland Ship Canal, already 
ed, or suffer its trade to pass to other ports more 
ttably situated for over-sea trade, 
a 1865 a company was accordingly formed for the 
)Be of constructing a canal from Amsterdam, in 
y a direct line, to the North Sea, through Lake Y 
Wjker Meer, a distance of 16^ miles. Mr. Hawk- 

c 



34 nniAND navigation. 

shaw and Mr. Dirks were appointed the engineers to 
cany out the work, a plan and section of which is given 
in Plate II. 

The harbour in which the canal terminates in the 
North Sea is formed by two piers built of concrete blocks 
founded on a deposit of rough basalt. The piers are each 
5069 feet in length, and enclose an area of about 260 
acres. About 140 acres of this area is to be dredged to a 
depth of 26|- feet, the remainder is to be left at the 
present depth for the accommodation of small craffc and 
fishing-boats. 

From its commencement at the harbour the canal 
passes by a deep cutting through a broad belt of sand- 
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hills which protect the whole of this part of the coast of 
Holland from the inroads of the sea. The cross section of 
the canal at this place is shown, fig. 6. This cutting is 
about 3 miles in length ; the greatest depth from the 
surface to the bottom of the canal is 78 feet ; and the 
amount of earthwork excavated is 6,213,000 cubic yards. 
On emerging from the sand-hills the canal passes by the 
village of Velsen, in the neighbourhood of which it is 
crossed by the railway from Haarlem to the Holder, and 
there enters the Wyker Meer, a large tract of tide- 
covered land. After traversing the Wyker Meer it passes 
by a cutting of 327,000 cubic yards through the promon- 
tory called Buiten-hinsin, which separates that Meer from 
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ke Y, another large tide-covered area. Tbe rest of its 
'■comse lies through Lake Y as far as Amsterdam. 

There are two seta of locks, one set at either end. 
The North Sea locks are at a distance of about three quar- 
ters of a mile from the North Sea harbour. These locks, 
as shown in fig. 7, consist of three passages. The central 
t one h 60 feet wide and 390 feet long, and will be 




■■I 



AnxuBhed with two pairs of gates at each end, pointing 
in opposite directions, and one pair in the centre. The 
northernmost side passage far barges is 30 feet long and 34 
feet wide, with three pairs of gates; that to the south is 227 
feet in length and 40 feet wide, with five pairs of gates. 

In constructing the canal, which is now far advanced 
towards comi)letion, the cuttings were first begim. The 
«nal proceeding from these cuttings was conveyed 
her by means of waggons or barges, and deposited so 
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as to form two banks 443 feet apart, through the lakes 
on each side of the main canal, as shown by the hard 
lines on the plan, and also to form the banks of the branch 
canals on either side. The total length of these banks is 
38^ miles. The nucleus of the bank is formed of sand, 
with a coating of clay, and protected during its progress 
with fiiscines ; and when the banks are fer enough ad- 
vanced, the deep channel for the canal is excavated by 
dredging. The cross-section of the canal and banks 
through these meers or lakes is shown in fig. 8. 

The formation of the banks through the Wyker Meer 
and Lake T will enable about 12,000 acres of the aiea^ 

■■ »•• r< ^ 
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as shown on the plan, which is now occupied by these 
lakes, to be reclaimed. For the purpose of this reclama- 
tion, and also to provide for the drainage of the land on 
the margin of the lakes, including a large portion of what 
was formerly Haarlem Meer, pumps are provided by the 
Company at various points on the main and branch 
canals. The Canal Company are bound to keep the sur- 
fitce- water of the canal about 1 foot 7 inches heloio average 
high-water level. In order to insure this level being 
maintained, three large pumps have been erected in con- 
nexion with the locks hereafter to be described, on the 
dam between Amsterdam and the Zuider Zee. They con- 
sist of three Appold pumps, the largest of the kind yet 
made, the fans being 8 feet in diameter. Each piunp is 
worked by a separate engine of 90 nominal horse-power. 



SHIP CANALS. 37 

num lift is 9 feet 9 incliea, at which the three 
t are capable of discharging 1950 tona a minute ; 
ith the ordinary working lift of 3^ feet they will dia- 
i.ijge 2700 tons a minute. Pumps of a simiki- construc- 

■ m, with &n8 one foot less in diameter, erected some 
. -iirs ago under Mr. Hawkshaw's direction, at Lade Bank, 
ill Lincolnshire, have been found to work satistiictorily. 

Lake Y, aa will be seen fi-ora the plan, extends about 
1 .', miles to the eastward of Amsterdam ; and here it was 

■ iceasary to form a dam with locks for the passage of 
\ essels. The dam crosses Lake Y at a point about two 
uiUes to the eastward of Amsterdam, where it is con- 
tracted to 4265 feet in width. 

As it was necessary to construct these locks before 
completing the dam across Lake Y, a circular coflerdam, 
590 feet in diameter, consisting of two rows of piles, 49 
feet long, was constructed in the tideway, and within 
this dam the locks were built. 

These locks have three main passages, each with five 

pairs of gates, and one smaller passage with three pairs of 

gates, arranged much in the same manner as the North 

Bfiea locks, shown in page 35, but their dimensions are 

^Ktft so large. The central main passage has a length of 

^Bll5 feet, and is 60 feet wide. The passages on each side 

^ftf it have each a length of 238 feet, and are 47 feet 

B wide. The small passjige is 30 feet long and 34 feet 

wide. There are also thi-ee sluiceways for the pumps, 

each 110 feet long and 13 feet wide, and each provided 

with three pairs of gates. 

The whole of the masonry and brickwork for these 
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locks and sluiceways was founded on bearing-piles^ up- 
wards of 10,000 in number. 

The bottom where the coflTerdam was placed, conaiflted 
of mud, and some difficulty was experienced in maintab- 
ing it till the work was completed. 

The dam across Lake Y, as shown in section, fig. 9, 
consists of clay and sand, placed on and protected at the 
flidea bv larffe masses of wicker-work, which is afterwards 
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covered with basalt in the manner usually adopted in 
Holland. 

All the lock gates at both ends of the canal pointing 
seawards are of malleable iron ; the gates pointing in- 
wards towards the canal are of wood. 

The necessity, for drainage purposes, of maintaining 
the surface-water of the canal at the prescribed low level 
calls for a sufficient barrier being provided against the sea 
at both ends, as the sea-level will not unfrequently, at 
high water, be several feet above the level of the canaL 

This necessity, as well as the diflference of level and 
periods of high water in the Zuider Zee and the North 
Sea, required a totally different design from the Suez 
Canal, to be afterwards described. 

The contract sum for the execution of the Amster- 
dam Canal is 27,000,000 of florins, or about £2,250,000. 



SHIP CAUAIS. 39 

I It is to be hoped that ships may pass through the ciuial 
M>ul two years. 

Suez Canal. 
tlurd section of works there exists as yet only 
igle example, in the Suez Canal, one of the most re- 
i of the engineering works of modern times ; but 
tloQgh it is called a canal, it bears little resemblance 
to the works I have been describing under that name, 
for it has neither locks, gates, reservoirs, or pumping- 
engines, nor has it, indeed, anything in common with 
canals, except that it affords a short route for aear-boma 
siu'ps. It is in £ict, correctly speaking, an artificial arm 
iiftlie sea, or strait connecting the Mediterranean and the 
II lied Sea, from which it derives its water-supply. 

ftThe idea of forming this connecting hnk is of very 
ent origin, and its author is unknown. It is under- 
d, however, that a water communication between the 
two seas, for small vessels, was formed as early as 600 
3 before the Christian era, and existed up to a period 
ftbout 800 years after that date, and then was allowed 
|£l11 into disuse. The idea of restoring this ancient 
numcation on a scale suited to modem times is under- 
l to be due to Napoleon h, who, about the close of the 
t centiiry, obtained a report from M. Lepfere, a French 
ineer, which however was followed by no result, and 
jied for M. de Lesseps, in the present day, to 
what were thought the dreams of commercial 
iatoiB, by carrying out the long-desired passage 
the two seas. But the postponement of the 
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scheme unquestionably fiivoured the chances of its com- 
mercial success, for had the canal been completed even a 
few years earlier, comparatively few vessels would have 
been found to take advantage of it. Sailing vessels would 
never have navigated the Mediterranean and encountered 
the passage through the canal, and the tedious and diffi- 
cult voyage of the Red Sea. They would imdoubtedly 
have preferred to round the free seaway of the Gape of 
Grood Hope, with all its ocean dangers and excitements, 
to threading their way through such an inland passage, 
involving risks of rocks and shoals, protracted calms 
and contrary winds. But the introduction of ocean- 
going screw-steamers was an entirely new feature in 
navigation. Being independent of wind for their pro- 
pulsion, and admirably fitted for navigating narrow pas- 
sages and seas, their rapid and general adoption by aU 
the leading shipping firms in the country afforded not 
only a plea, but a necessity for the short communication 
by the Mediterranean and Bed Sea. It was indeed 
a great achievement to reduce the distance between 
Western Europe and India from 11,650 to 6515 miles, 
equal, according to Admiral Bichards and Colonel Clarke, 
B.E., to a saving of 36 days on the voyage ; and this is 
the great result effected by cutting the Suez Canal be- 
tween the Mediterranean and the Bed Sea. 

Mr. Bateman, C.E., who visited the canal as the 
representative of the Boyal Society, commimicated to 
that body an interesting description of the works, in 
which he gives the following account of the early pro- 
posals and negotiations of M. Ferdinand Lesseps, who 
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f the credit of having brought the work to a successful 

> project " of M. Ferdinand Lesseps " was to cut 

at canal on the level of the two seas, by the nearest 

i miwt practicable route, which lay along the valley or 

(kpression containing Lake Manzaleh, Lake Ballah, Lake 

'Gmsah, and the Bitter Lakea. The character of this 

mute was well described in 1830 by General (then Cap- 

f-iin) Chesney, R.A,, who examined and drew up a report 

'Q the country between the Mediterranean and the Red 

^^es. At that time a difterence of 30 feet between the 

^^B( seas was still assumed, and all proposals for canaJs 

^^Kre laid out on that assumption. Allowance must, of 

' liirae, be made for this eiTor in so far as it affected any 

jKirticular project of canal ; but it would not affect the 

iTuracy of any general description of the district to be 

'Riversed. Genei-al Chesney summed up his report by 

•tating, ' As to the executive part there is but one 

'[linion : there are no serious difficidties ; not a single 

iiiuuntiiin intervenes, scarcely what deserves to be called 

ii hillock ; and in a country where labour can be had with- 

"it limit, and at a rate infinitely below that of any other 

; lit of the world, the expense would be a moderate one 

!' II' a single nation, and scarcely worth dividing among the 

j,Teat kingdoms of Europe, who would all be benefited by 

the measure.' 

^^h" M. Lesseps was well advised therefore in the route 

^^Pselected, and (assuming the possibiUty of keeping open 

the canal) in the character of the project he proposed, 

' Proeudingt nf Iht Royal Sotleiy. 1870, p, 132. 
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" From 1849 to 1854 he was occupied in matniing hk I 
project for a direct caualization of the istlimus. In t 
latter year Mahomet Said Pasha became Viceroy c 
Egypt, and sent at once for M. Lessepa to consider v 
hi m the propriety of carrying out the work he had i| 
view. The result of this interview was, that on the 3 
of November in the same year a commission was aignd 
at Cairo, charging M. Lessepa to constitute and direct! 
company named ' The Universal Suez Canal Companfl^ 
In the following year, 1855, M. Iiosseps, acting for 1 
Viceroy, invited a number of gentlemen, eminent 
directors of public works, as engineers, and distinguished 
in other ways, to form an International Commission for] 
the purpose of considering and reporting on the practio 
bility of forming a ship canal between the Mediterraned 
and the Red Sea. This Commission, which included son 
of the ablest civil and mihtary engineers of Europe, wi 
honorary, and its members were considered as gueeta ( 
the Viceroy. 

"The Commission met in Egypt in December 185 
and January 1856, and, accompanied by M. Lesseps i 
by Mougel Bey and Linant Bey, engineers, and otha 
gentlemen in the service of the Viceroy, they made 
careful examination of the harbours in the two seas, j 
of the Intervening desert, and arrived at the conclusia 
that a ship canal was practicable between the Gulf of Pelu 
sium in the Mediterranean and the Red Sea near Sue^ 
They differed, however, as to the mode in which such i 
canal should be constructed. The three English engineer 
ing members of the Commission were of opinion that l 
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3 canal having its surface raised 25 feet above the sea- 
el, and communicating with the Bay of Pelusium at 
B end and the Red Sea at the other, by means of locks, 
i suppUed with water from the Nile, was the best mode 
f conHtniction. The foreign members, on the contrary, 
, that a canal having Its bottom 27 feet below sea- 
, from sea to sea, without any lock, and with har- 
a at each end, was the best system : the harbours to 
) formed by piers and dredging out to deep water. 
" The Commission met at Paris in Jmie 1856, when the 
views of the English en^neers were, after full discussion, 
rejected, and the report to the Viceroy recommended the 
system which has since been carried out. The Commis- 
sion estimated the work to cost £8,000,000. 

" Two years from the date of this report were spent 
in conferences and preliminary steps before M. Lesseps 
obtained the necessary funds for carrying out the works. 
About half the capital was subscribed on the Conti- 
nent, by far the larger portion being taken in France, 
the other half was found by the Viceroy. Further 
) was necessarily lost in preparation, and it was not 
, near the close of 1860 that the work was actually 




" The original concession granted extraordinary privi- 
I'-io the Company. It included or contemplated the 
I of a ' sweet water' canal for the use of the 
workmen engaged, and the Company were to liecome pro- 
prietors of all the land which could be irrigated by means 
r this canal One of the conditions of the concession 
i that the Viceroy should procure forced laboin- for 
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the execution of the work ; and soon after the commence- 
ment of operations^ and for some time, the number of } 
workmen so engaged amounted to from 25,000 to 30,000. 
The work thus commenced steadily proceeded until 1862, 
when the late Viceroy, during his visit to this country at 
the time of the International Exhibition, requested Hr. 
Hawkshaw to visit the canal and report on the con- 
dition of the works and the practicability of its being 
successfully completed and maintained. His Highnees's 
instructions were that Mr. Hawkshaw should make an ex- 
amination of the works quite independently of the Frendi 
company and their engineers, and report, from his own 
personal examination and consideration, the result at 
which he arrived. If his report were &vourable the work 
would be proceeded with, if unfiivourable it would at once 
be stopped. 

" Mr. Hawkshaw proceeded to Egypt upon this im- 
portant commission in November of the same year, and in 
February 1863 he wrote a well-considered report, which 
may be said to have in a great measure contributed to 
the rapid and successful completion of the work, Mr. 
Hawkshaw described the works of the canal which had 
been already executed and those which remained at that 
time unfinished. He examined and discussed the dimen- 
sions of the various parts then in progress, recommending 
various alterations, and, having carefully gone into all the 
details of construction, he proceeded to investigate the 
question of maintenance, with reference to which it had 
been urged by opponents — 

" * 1 . That the canal will become a stagnant ditch. 
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, That the canal will silt up, or that the moving 
b i>f the Desert will fill it up. 

, That the Bitter Lakes through which the canal 
9 will be filled up with salt. 
. That the navigation of the Eed Sea is dangerous 
ificult. 

That shipping wUI not approach Port Said, 
B of the diflieulties that will be met with, and the 
r of that port on a lee shore. 

That it will be difficult, if not impracticable, 

3 open the Mediterranean entrance to the canaL' 

tWng analysed each of these objections, and fully 

the argtunents on which they were based, he 

3 the following conclusions as to the practicability 

rtruction and maintenance : — 

As regards the engineering construction, there 
*re no works on the canal presenting on their fiice any 
UDUsual difficulty of execution, and there are no con- 
tbgencies that I can conceive likely to arise that would 
introdnce difficxdties insurmountable by engineering skill. 
^^ ' 2dly. As regards the maintenance of the canal, I 
Hrf opinion that no obstacles would be met with that 
^Hd prevent the work, when completed, being main- 
ained with ease and efficiency, and without the necessity 
J any extraordinary or unusual yearly expendi- 



ff The whole of Mr. Hawkshaw'a report is well worthy 
and I must congratulate him on the sound 
iisions at which he arrived, and on the foresight by 
1 he was enabled to point out difficulties and contin- 
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gencles which have since arisen. Could he at that time 
have seen the fall realization of the work he would 
scarcely have altered the report he wrote. 

" Said Pasha died between the period of Mr. Hawk- 
shaw'a examination of the country and the date of liis 
report. He was succeeded by his brother, Ismail, tlift 
present Viceroy or Khedivej who, alarmed at the largeneaa 
and uncertainty of the grants to the Canal Company, of 
the proprietorship of land which could be irrigated by the 
sweet-water canal, and anxious to retire from the obligsi- 
tion of finding forced labour for the conBtmction of tiie 
works, refused to ratify or agree to the concessiona 
granted by his brother. The whole question was referred 
to the arbitration of the Emperor of the French, whfl 
kindly undertook the task, and awarded the Bum 
£3,800,000 to be paid by the Viceroy to the Canal Com' 
pany as indemnification for the loss they would sustain 
by the withdrawal of forced or native labour, for th( 
retrocession of large grants of land, and for the abandon' 
ment of other privileges attached to the original act 
concession. This money was applied to the proaecutio! 
of the works. 

" The withdrawal of native labour involved very im 
portant changes in the mode of conducting the works, and 
occasioned at the time considerable delay. Mechanical 
appliances for the removal of the material, and Europeaai 
skilled labour, had to be substituted ; these had to be 
recruited from different parts of Europe, and great 6x&i 
culty was experienced in procuring them. The accesaoij 
canals had to be widened for the conveyance of l&igfl 
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' -Jging-machinee, and additional dwellings had to be pro- 

ilwl for tte accomraodation of Exiropean labourers. All 

'i.se difficxUties were overcome, and the work proceeded," 

After the works had been nearly completed, the Lords 

1 the Admiralty instructed Admiral Richards, the hydro- 

,-iIiher, and Lieutenant-Colonel Clarke, R.K, to visit 

' v^'pt, and report as to the condition of the canaL These 

itlt-ers accordingly made a most minute survey of the 

[iiil and its terminal hai-bours, and issued a most inter- 

img report,' from the information contained in which 

V* plan of the canal, Plate III., has been mainly con- 

tnicted. On referring to this plan it will be seen that 

■■■i>; canal extends from Port Said on the Mediterranean 

I' Suez on the Red Sea, and that, as shown by the 

-'■tioii, it traverses a comparatively flat country. This 

"lie has been selected so as to take advantage of certain 

■:illey9 or depressions which are called lakes, but were in 

I't, previous to the construction of the canal, low-lying 

' I'li-ts of country, at some places below the level of the 

Miditerranean and Red Seas, These valleys were found 

It; coated with a deep deposit of salt, and are described 

■- liu^'ing had all the appearance of being covered with 

mw, bearing evidence of their having been at one period 

erflciwed by the sea. Ab will be seen from the plan, 

'■■ike Menzaleh is next to the Mediterranean, Lake Timsah 

i'oiit half-way across the isthmus, and the Bitter Lakes 

■it to the Red Sea. Lake Timsah, which is about 5 

|;^ile8 long, and the Bitter Lakes about 23, were quite dry 

' Keport on the Maritime Cnnnl connect lag tLe Mvditerntnran at Fort Sold 
•i& UiB B«d Sea at Suez, Febmuy IHIO, 
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before the cutting of the canal, and the water which has 
converted them into large inland lakes was supplied from 
the Bed Sea and Mediterranean. The water began to flow 
from the Mediterranean in February 1869, and fix)m the 
Red Sea in July, and by the beginning of October of the 
same year these vast tracts of coimtry, which had fo^ 
merly been parched and arid valleys, were converted into 
great lakes navigated by vessels of the largest class. It 
will be seen tcom the section that the s\u-&ce of the 
ground is generally very low, the chief cuttings being at 
S^rap^um and El Guisr, where the sandy dunes attain 
an elevation of about 50 to 60 feet. The channel throu^ 
the lakes was excavated partly by hand labour and partfy 
by dredging, and for a considerable portion the level d 
the valleys was such as to afford sufficient depth without 
resorting to excavation. The material excavated appeals 
to have been almost entirely alluvial, and easily removed ; 
the only rock was met with at El Guisr, where soft 
gypsum occurred, removable to a considerable extent by 
dredging, so that the canal works may be regarded as 
having presented no physical difficulty. 

The following details as to the dimensions of the work 
are chiefly supplied fi'om the Admiralty report, already 
referred to. 

The whole length of the navigation is 88 geographical 
miles ; of this distance 66 miles were actual canal, formed 
by cuttings, 1 4 miles were made by dredging through the 
lakes, and 8 miles required no works, the natural depth 
being equal to that of the canal. Throughout its whole 
length the canal was intended to have a navigable depth of 



2fi feet for a width of 72 feet at the bottom, and to have a 

width at the top varying according to the character of the 

cuttings. At these pbices where the cuttings are deep, the 

iiJopes were intended to be 2 to 1, with a surface width at 

the n-ater-line of about 197 feet, as shown in fig. 10, which 

is a cross section at El ^ y 

\ in the less ele- ^"'TJj^^k m^jyu^^j^ ^— ^-""^ 

portions of the i«^ --n"«^---> 

, where the stuff is ^''- "*■ 

the slopes were to be increased, giving a surface 
Ith of 325 feet. Of course it will be understood that 
the lakes the canal conBista of a navigable channel of 
!nt depth and breadth to admit the traffic, the sur- 
of the water extending on either side to the edge of 
lake. Fig. 1 1 shoe's a cross section at Lake Manzaleh. 
the date of the Admiralty inspection, these dimen- 
had not lu all 
fwpects been fully at- "~ ■' ""^^^^^^^eL^j^gJ ■-■■^^'-' 
tained, the depth at """"^"T 

^^^ '^ Flo. II. 

^^bne places varying 

^^^BQ 20 to 22 feet, but the Admiralty officers reported 

^^tnat the deepening of the shallows is in progress, and that 

tliey are likely soon to be removed. The curves, they also 

rvport, are sharp, requiring great care and attention in 

piloting vessels. The deep channel through the lakes is 

. marked by iron beacons on either side, 250 feet apart, and 

^^ttie Admiralty reporters state that "in practice it is 

^^Knind more difficult to keep in tbe centre while passing 

through these beacons, than it is when between the em- 

I lauikmenta." At every five or six miles there is a passing- 
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place, to liable large vessels to moor for the night, or to 
bring-up, in order to allow others to pass. At each of j 
them a telegraph station is to be established, with an 
officer who is to regulate the movements of passing vessek 
according to directions which will be communicated from 
Port Said, Ismailia or Suez. 

Perhaps the most interesting question to the engineer 
is that which relates to the action of the tide between the 
two seas, and in so &x as observations have been made, 
they are given in the following quotation from the Ad- 
miralty report : — " The tidal observations which we wero 
able to make were necessarily somewhat imperfect ftm 
want of time, but they were made at that period of the 
moon's age when their effect would be greatest; the 
results show that in the southern portion of the canal, 
between Suez and Great Bitter Lake, the tidal influence 
from the Red Sea is felt, there being a regular flow aiid 
ebb ; the flood running in for about seven hours, and the 
ebb running out for five hours; at the Suez entrance, 
the rise at springs, imless effected by strong winds, is 
between 5 and 6 feet ; about half way from Suez to the 
Small Bitter Lake, a distance of 6 nules, it is under 2 
feet ; at the south end of the Small Bitter Lake, a few 
inches only ; while at the south end of the Great Lake 
there is scarcely any perceptible tidal influence. We 
were informed by the authorities at Ismailia, that since 
the Greiit Lake has been filled, the level of Lake Timsah, 
which was filled from the Mediterranean in April 1867, 
has risen 12 centimetres, or about 4 inches ; and that its 
waters are continually running at a slow rate into the 



diterraneai) ; certainly this statement agreed with what 

I ourselves remarked, for we always found a current 

r northward from Lnke Timsah at the rate of from 

[fa mile to a mile an hour, tiimited, however, as these 

I observations Were, they were taken with great care, 

I appear sufficient to show that, except at the Suez 

, the tides will not materially afi'ect the passage of 

a ; at that end, therefore, large vessels must regulate 

h^ time of passing ; indeed, the greatest difficxilty which 

i be experienced will be not from the tides but from 

i prevailing north-east wind in the canal, which wiU 

doee steerage diffictdt in going from north to 

It would be highly interesting and valuable to have 
utions made simidtaneously at various points, to 
1 the action of the tide. All that is at present 
lown is contained in the Admiralty report, and ap- 
I to be, as already stated, that the tidal column of 
; range in the Red Sea is reduced to 2 feet at the 
ice of 6 miles, and is practically annihilated by the 
»ide expanse of the Bitter Lakes. 

In executing this strange work of the desert, and con- 
v-/rt.iiig dry sands into navigable lakes, it is stated that 
llitni huvo been about eighty millions of cubic yards of 
material excavated, and at one time nearly 30,000 
labourers were employed on the works. For their use 
a. Bupply of fresh water was conveyed from the Nile at 
Cairo, and distributed along the whole length of canal. 
This work was one of no small magnitude. The fresh- 
water conduit is an open channel from Cairo to Ismailia, 
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and thence to Suez tlie water is conveyed in pipes. The 
surplus fresh water is applied to the irrigation of the 
adjacent country. The cost, of the whole undertfJdng, 
including the harbours, ia stated to have been £16,000,000, 
and it ia expected that probably X300,000 may still be 
required for its fiill completion. 

The terminal harbours are important adjuncts of this 
great work. That on the Mediterranean is Port Said, 
which is shown on Plate III. It ia formed by two break- 
waters constructed of concrete blocks ; the western one 
6940 feet in length, and the eastern 6020 feet, encloang 
an area of about 450 acres, with an average depth of only 
13 or 14 feet, excepting in the channel leading to the 
canal, where the depth is 25 to 28 feet. 

The entrance to the canal at Suez is also protected hj 
a breakwater, and, in connexion mth the harbour at tlae 
place, there are two large basins and a dry dock. 

As regards the capabilities of the canal for navigatic 
the Admiralty reporters state that it ia a convenient 
highway for all ateam-ships or vessels towed, ranging 
between 250 and 300 feet in length, with 35 feet beam, 
and a draught of 20 feet ; for vessels of larger class tha 
canal is not so well adapted, and special arrangements 
would require to be made and enforced for the transit oi 
large vessels. Even vesaela of 400 feet long, with 50 feet 
beam and 22 feet draught, could be taken through, bj 
adopting special precautions. A delay of three daya 
calculated on for the pasaage acrosa from Port St^d tc 
Suez. 

Many feai-a have been expressed as to the fea^l 



SHIP CANAI^. 53 

f TnaintAJniTig this artificial passage at a remunerative 
fxpense to its constructors, on account of its being silted 
^ by the drift-sand of the desert, as well as that 
«mght in by the tidal cTirrents-the wasting of the 
oft banks by the passage of vessels — ^and the difficulty 
f obviating the silting up of Port Said by sand carried 
lm)ugh the open work of which the breakwater is 
bmed, and deposited in the area of the harbour. This 
lesiiae, however, is not the place to discuss the probable 
loocess or fidlure of engineering works ; all I profess to 
lo 18 to explain the principles on which these works are 
lesigned, and give examples of such as have been suc- 
cessfully completed ; and certainly, whatever may be the 
hture &te of the Suez Canal, either as an engineering 
iroik or as a speculation, all praise must be accorded to 
tf. Lesseps and his staff, for having, in the &ce of great 
difficulty, successfully executed one of the most remarkable 
feats of modem engineering. 



Li describ&l 



CHAPTER III. 

THE COMPARTMENTS OF BIVEBS DEFINED, 

Compartintnta of rivcra — Their physical chanicteriatics described — Ezunpit " 
Domoi!li Firth— Boundaries of compartmenta not always distinct — Mtawil 
compartraentA require distinct engineering works [or their improTenuoLi 

From what lias been said, it will be seen that 4 
canal is a work by which water is diverted from its 
natural course, and made to occupy a channel preparedi 
for its reception, extending through the country for thfl 
transport of boats and vessela. Canal navigation 
thus entirely artificial in its character. In this i 
it differs from river navigation, which may be describe! 
as the art of using, for the purposes of inland commimi 
cation, rivers flowing in their natural coursea, and 
applying means to render them subservient to the pur 
poses of navigation in cases where the depth is limited 
or where rapid currents exist. Our consideration of rivei 
must therefore necessarily comprehend a general ^etcl 
of their physical characteristics, and the laws of thai 
motion, as a necessaiy introduction to the practical pari 
of the subject, which deals with the engineering work 
required for their improvement. 

As introductory, therefore, to the remarks which j 
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1 in 1845, in a communication to the Royal Society of 
Edinburgt/ that in all rivers affected by tidal influence, 
iivo physical boundariea, more or less apparent, according 
!" circumstances to be afterwards noticed, are invariably 

»hmi to exist, caused by the influx of the tidal wave 
tirough firtha or bays, and the modification it receives 
in its passage up the gradually rising inclination or 
Jope of a river's bed. These boimdaries again produce 
tliree compartments.* The seaward, or lowest of these, I 
r^naed the " sea proper ; " the next, or intermediate one, 
)!ito which the sea aacends, and from which it again with- 
rfrawB itself, I termed the " tidal compctrtment of the 
Arer ;" and the highest, or that which is above the in- 
fluence of the sea, the "river proper." Their relative 
extent in difierent situations is influenced not only by 
Hie circumstances imder which the great tidal wave of 
■ le ocean enters the river, but by the size of its stream, 
■ 'le configuration and the slope of its bed, and, in 
hhort, by every natiiral or artificial obstruction which is 
p resented to the free flow of the tidal currents along its 
^KanneL 

^B These three compartments possess very different pby- Their pi.y»i<; 
fnval characteristics. The presence of unimpaired tidal 
phenomena in the lowest, the modified fiow of the tide, 
^^fepduced by the inclination of the river's bed in the in- 
^^ftmediate, and the absence of all tidal irtfluence in the 
^^gtest compartment, may be shortly stated as the phe- 
nomena by which these spaces are to be recognised. The 

' PmcfrdtHg* of (lit Royal Socifly of EdiitbuTgh, vol. ii. p. 26. 

* Lord Cocktam, in »iliireaHitig ■ jury in 1837, appears to have atBtcrt 

«BuI«r boundaries. 
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tides in the " sea proper " compartment of an estuaij, 
for example (although the place of observation be several 
miles embayed from what in strictness could be called , 
the " sea " or " ocean "), will be foimd to resemble those 
of the adjoining sea with which it communicates, — Fint, 
in the identity of the levels of low water ; second, in the 
shortness of the time which elapses between the cessation 
of ebbing and the commencement of flowing, or, in other 
words, the absence of any protracted period of low water, 
during which the surface appears to remain stationary at 
the same level ; third, in the symmetrical form traced by 
the passage of the tidal wave ; and fourth, in the range of 
tide, so &r as that is not influenced by the formation of the 
shores in narrow seas or channels. In ascending into the 
intermediate compartment, however, the level of the low 
water is no longer the same ; the range of tide, excepting 
in peculiar cases, becomes less, and is gradually decreased 
as the bed of the river rises, and at length a point is 
reached where its influence is not perceptible. In this 
intermediate section the phenomena of ebbing andjlowing 
are stiU foimd to take place, but the times of ebb and 
flow do not remain constant, that of ebb gradually gain- 
ing the ascendency, and in some cases never entirely 
ceasing, though the level of the river be rising. The 
duration of low water is also gradually protracted as we 
proceed upwards, until the influence of tide is unknown. 
This forms the boimdary-line of the upper compartment, 
the characteristic of which is the total absence of ebbing 
and flowing ; the river at all times piUBuing its down- 
ward course in an iminterrupted stream, and at an im- 
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'_ level, except in bo 6x as may result from the 

3 due to land floods. 

I In the investigation of these different characteristics, 

f variable nature of the elements to be dealt with must 

«pt in view. The river, for example, is liable to be 

cted by floods, and the state of the tides by winds 

I other causes ; and therefore a great degree of preci- 

l in defining these spaces cannot in all cases be ex- 

But the termination of the low-water level at 

i separation of the seaward and intermediate spaces, 

I down by marine surveyors, simply from observa- 

, of the tidal phenomena, has in several situations 

1 found to agree exactly with the position of that 

Indaiy as determined by engineers by means of accur- 

pelling, combined with careful tidal observations. 

1 example in actual practice wiU best illustrate what 

pieant, and for this purpose I shall refer to the investi- 

[on of the tidal phenomena of the Firth of Dornoch Ticiai piieno- 

fles of Sutherland in Cromartyshire, made by me pornoeh Firtii. 

!, By referring to the small chart of the Dornoch 

in Plate IV. the reader wiU be better able to fol- 

: illustrations to be given. The harbour of Port- 

lomac, marked A on the chart, about 3 miles from 

tetness Lighthouse, waa selected as the place at which 

I the ocean or sea wave. The second station at 

it waa found convenient to institute observations 

I within the Fu-th at Meikleferry, marked B, about 

iles above the town of Tain, and 1 1 miles distant from 

ioraac. The third station was at Bonar Quarry, 

, situated on the north shore of the Firth, and 
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8 milea inland from Meikleferry ; and the fourth station 
was at Bonar Bridge, marked D, one mile from the Bonar 
Quarry. Beyond Bonar Bridge the observations were 
also extended as far as the junction of the rivers Oykell 
and Cassley, marked E, a distance of 12^ miles ; so tha( 
the whole distance embraced in the investigation was 33t 
miles. Graduated tide-gauges were fixed at Pori 
horaac, Meikleferry, Bonar Quarry, and Bonar Bridge 
and by means of two distinct sets of levelling observa 
tions, the heights of the zeros of these gauges, in relation 
to each other, were accurately determined, so that all thi 
tidal observations made at them could be reduced to t 
Low-water lino Same datum line. The ^es^dt of the tide observation! 

practically Uvol . . , . , . ■ ii 

from Portnu- was, that tke low vxiter of each tide is, pntctically 
Bonir qoflny. ifiQ, 071 tlie Same level at PortmaJiomac, Meikleferry, aw 
Bonar Quarry. I use the word practically, because the 
level of the sea is more or less affected by every breezd 
of wind, which necessarily must pen up and elevate som 
portions of its surface, and cause corresponding depn 
sion at other places, so that an imvarying low-water leva 
will not be found to exist throughout a series of tides on 
any part even of the ocean itself, however limited th< 
nimiber of low waters embraced may be. Accordingly 
deviations of a few inches from the true level occasioa 
ally occurred in the observations made at the Domoclfc 
Firth ; but these were not of greater extent than could: 
reasonably be traced to the effect of wind, and werw 
found to vary, not only in their amount, but also in theiz 
value, being at the same gauges sometimes pltis and 
sometimes minus quantities, causing corresponding va 
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i m the results deduced from the different aeries of 
J ohaervations that were made. Some of these showed 
i !i6 low water within a fraction of an inch of being level ; 
K-hile others gave a notable elevation at some of the sta- 
tioits; and others, again, gave a depression below the 
level line at the very stations where previously there had 
been a rise. 

To illustrate this more frilly, I shall give a few ex- 
;:[nples; Thus, on the 23d of June (on which day the 
'.father happened to be very calm), the level of low water 
iit Meikleferry was three-quarters of an inch <jJ)Qve that at 
Portmahomac ; and on the next day, the wind blowing 
fi-esh from the s.e., the level of low water at Meikleferry 
;ls 35 inches above that at Portmahomac. Again, a sue- 
'-■i^ding observation gave the level of MeiklefeiTy three- 
'{uarters of an inch below Portmahomac, In the same 
way, and in similar small degrees, the level between the 
low water at Bonar Quarry tide-gauge and at Portma- 
liomoc was found to vary. The average of all the obser- 
^te^tions made gave the level of low water at Meikleferry 
^PB^ inches o/iove that at Portmahomac, and the level of 
~~Iow water at Bonar Quarry 1"1 inch helow the low water 
at Portmahomac. Whether these average differences of 
level be traceable to the eifecta of prevailing winds, which 
may be supposed to have exerted a greater influence on 
the water at the more exposed stations, or to any in- 
accuracy in the levels, must evidently, from the examples 
given of the extent and nature of the daily deviations, be 
I point which we cannot determine ; but the result of 
mgthened train of observations, notwithstanding the 
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i tbe surSice of the river of 1 in 784, or 67 feet per 

In addition to this uniformity in the level of low 
ter, it was further found that the tidal phenomena of 
K firth corresponded to that of the adjoining sea, in the 
lUiiie traced by the passage of the tidal wave, as de- 
1 from observations made at the different stations on 
to rise and fall of the tide-level between the periods of 
r and high water, During the period between each 
ff water or high water the level of the surface was ever 
there being no lengthened cessation of ebbing 
and flowing, the tide-wave being fully developed at the 
«lioIe of the stations up to Bonar Quarry, The range of 
'!(le was indeed increased in the inner part of the firth to 
the extent of 9 inches at Meikleferry, and 12 inches at 
Bunar Quarry ; that is, when the range of tide was 12 
' <^t 8 inches at Portmahomac, it was 13 feet 5 inches at 
Meikleferry, and 13 feet 8 inches at Bonar Quarry. 

But if we inquire into the tides at Bonar Bridge, we Rise of tide ti 
.'iiid that they do not correspond with those of the adjoin- 
ing sea or of the firth ; for, taking the tide to which we 
have already alluded, which rose 13 feet 8 inches at 
Bonar Quarry, it was found on the same day to rise only 
6 feet 1 inches at Bonar Bridge ; the diflerence between 
the two results being occasioned by the rise on the low- 
water line of the channel between these two places. The 
tide on the particular day alluded to rose 6 feet 1 inches 
at Bonar Quarry before it affected the gauge at Bonar 
Bridge, when it began to rise at that place also, and after- 
wards continued to flow nearly uniformly at both places. 
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Fig. 12 Is a diagram illustrative of the form of the tide- 
wave at Meiklefeny and Bonar Bridge : the hard line 




represents the curve formed by the passage of the tidw 
wave at Meikleferry, and the dotted line shows that at 
Bonar Bridge, In both cases the vertical space repreaenta 
the rise of tide, and the horizontal space the elapsed time. 
From this diagram it will be seen, that while the tide at 
Meikleferry is symmetrical, and presents a constantly 
rising or falling outline, the tide at Bonar Bridge reprs 
sents a long period, extending on some occasions bj 
actual observation to several hours at low water, nearlj 
imaffected by tidal influence, during which period th( 
water stood almost at the same level. The tidal watfi 
admitted into the upper part of the estuary above Bona 
Bridge took a considerable time to drain off through th 
naiTow water-way at that place, and hence the water di( 
not attain a permanent low-water level, even long aft« 
the tide had ceased to operate in affecting its surfiice 
The obsei'vations made to ascertain how ijir the tidal iit 
fluence extended up the Kyles of Sutherland were coU' 
(hicted with the same care, and proved that the highes 
point iutluenced by the tide was at the jimction of tin 
rivers Oykell and Cassley, 12^ miles above Bonar Bridge 
In stating, however, that the low waters at Portmabomiu 
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iHeiklefeny, and Bonar Bridge are on the same level, the 
ider must not infer that the surface of the water 
rotighout the firth presents at any period a level plane. 
Although the low waters are identical aa regards level, 
e times of low water are not the same. On the con- 
17, the time of low water at Meikleferry was sometimes 
md to be 50 minutes later than at Portmahomac, 
. that at Bonar Quarry 50 minutes later than at 
klefeny, so that when the water had attained its 
eat level at Bonar Quarry it had been rising for 1 hour 
i 40 minutes at Portmahomac ; there is, therefore, at 
no period a level plane extending throughout the firth, 
Imt what may be termed a constantly imdulating surface. 
Tills will be better understood when we come to treat of 
tide observations, and to show their results aa obtained 
uij diiferent rivers. 

A fiirther test of the " sea proper " will, it is believed, Mci 
be found in the existence, at any place of observation 
within that compartment, of a central point in the vertical 
range of tide icom which the high and low water levels of 
very tide are very nearly equidistant. The existence 
■ ■t such a point waa, it is believed, first determined by 
Mr. James Jardine, at the Tay, in 1810,' and has been 
oleer^'ed in the firths of Forth and Dornoch, at the 
-'kerryvore Rocks on the west of Scotland, at the Isle of 
I;m, and in the Mersey. These difierent series of obser- 
tions, made at points so far distant from each other, 
t« prove the universality of the phenomenon, at 
. oii the shores of this country. But in ascending 

' Rtjiort liy James Jardine, C.E. 
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into the tidal compartment, the rise on the low-water 
level, which has already been described, destroys at onoe 
the symmetry of the tide-wave, as shown in fig. 12, and 
the existence of any such central point equidistant fix>m 
the high and low water level of each tida 

The case I have adduced serves to illustrate the defi- 
nition I have given of the compartments of rivera From 
Portmahomac to Kincardine, near Bonar Quany, we have 
all the evidences of what I have termed the " sea proper ;" 
the line traced through the low-water mark at difiTerent 
parts of the firth is practically level ; the curve formed by 
the rise and Ml of the tide is symmetrical ; there is no 
lengthened cessation of ebbing and flowing at the period 
of low water, and the range of tide is unmodified save by 
the additional rise due to the narrow firth through which 
the tide-wave passes. From Kincardine to the junction 
of the Oykell and Cassley we have proofs no less evident 
of the modified flow of the tide peculiar to the " tidal com- 
partment." Even at Bonar Bridge, 1 mile above the 
Quarry, the low-water level is 6 feet 6 inches higher than 
at the station below. At low water the tide remains 
within a few inches of the same level for several hours, 
and its maximum range is reduced to about one half of 
what it is further seaward, while at the junction of the 
Oykell and Cassley it disappears altogether. Above this 
point no tide is known to afiect the flow of the stream, 
which, being free from all tidal influence, may be termed 
the "river proper." 

Imiaries not "'• ^^^^ ^^^® ^^'^™ ^^^ reader not to suppose that the 
^aiiyj^tinct boundaries we have traced aa existing in the Dornoch 
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, and other places which I have investigated, may be 

ined with the same precision under all circum- 

noee and in every case. The observations to which I 

( alluded are supposed to be made at perioda when 

I river is free from fiooda and the sea unaffected by 

|*vy galea ; moreover, the configuration of the bottom 

I shores of a river and estuary may, in certain cases, 

lader the accurate determination of the boundaries very 

lit. All that I state is, that these compartmenta 

some meaflure, more or less defined, exist in all 

I debouching through firths and estuaries on a coast 

! the sea has a notable range of tide. These are 

i genetxil features of the rivers in this coimtry, but in 

t where the range of tide is barely perceptible, such 

■ the Mediterranean, or where the river joins the 

, by a short and steep descent, as will be after- 

i noticed, the boundaries I have defined cannot be 

easily traced. 

The three compartments which have been defined as Different com. 

. 1 - II 1 1 purtmenta 

xisting m nvers and estuanes naturally lead to a con- require disUnd 
■ eoient division of our subject in treating of River Engi- woX for theii 
neering ; for it so happens that the physical characteristics '" 
described as peculiar to each of the compartments are not 
less distinct than the engineering works required for their 
improvement. Thus, for example, on the "river proper" 
section the works may be said, in general terms, to consist 
chiefly of weirs built across the stream, by which the 
water ia dammed up and forms stretches of canal in the 
river's bed, with cuts and locks connecting the difierent 

reaches. The "tidal compartment" embraces a more 
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varied range of work, including the stJaightening, wid< 
ing, or deepening of tbe coiirses and beds of rivers — it 
formation of new cuta, the erection of walla for 
guidance of tidal currents, and, in some cases, 
shutting up of subsidiary channels, — while the "i 
ward compartment" embraces such works as have 
their object the improvement or removal of bars 
shoala. All of these works will he treated in succeedii 
chapters. 

It is necessary, however, to explain that no engine 
is able to consider and advise as to the improvement 
any portion of a river or estuary unless he is fumishi 
with such data for his guidance as can be acquired on] 
by accnirate surveys and observation of its physical ch( 
acteristics. Moreover, as it is impossible for the enginei 
without possessing these data, to design improvement 
80, I apprehend, it will greatly assist the student 
Engineering if, before describing river-works, and ahowi 
their apphcation in practice, I should give a brief sket< 
of some of the most important hydrometric investigatioi 
connected with river engineering. These include, amor 
other things, accurate tidal obaervations and soundings, 
the determination of a river's slope, velocity, and di 
charge, — the nature of its bed and banks, and oth) 
cognate inquiries, and I shall confine my notice to such 
those topics as are hkely to be most useful in illustmtii 
or rendering more intelligible the subjects treated in U 
succeeding chapters, and must refer the reader for fi 
particulars as to the character and extent of such 
formation, and the means of accuratehj obtaining it, 
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works on River and Marine Stirveying.^ Neither do I 
propose to include in the present treatise any account 
of the interesting and gradual progress made by philo- 
sophers and engineers of the early Italian and French 
schools in theoretical and experimental investigations of 
the laws which regulate the flow of water in natural and 
artificial channels, and form the groimdwork of all our 
practice in hydraulic engineering. These lengthened and 
laborious experimental researches will be foimd most i^y 
discussed — ^historically, theoretically, and practically — ^Ln 
Ae article by Dr. Bobison, on the " Theory of Elvers,'' in 
^eEncydopcBdiaBritannica, and also in the reports made 
by Mr. George Rennie to the British Association " On 
tiie State of our Knowledge of Hydraulics as a branch of 
Engineering,'' ' to which I refer the reader. 

^ AppGeoHon of Marine Surveying and Hydromeiry to the Practice of Civil 
Magbieerkig. By D»vid Stevenson, Civil Engineer. Edinburgh, 1842, A. & C. 
Bhek. 

' Beparti qf BrUish Asaodation for Advancement of Science, 1833 and 1834. 



CHAPTER lY. 
HYDROMirraic observations. 

-VarifttJous in thB tiiUI linea— Profesaor Robison's reiB»rki on Uw 
f river tides— Nature of the inquiry into rirer tidea— TldB-^oj* 
—Selection of atatioDa for tide observoyona^AgentB which produce JaWA- 
anoe in the parallelism of the tidal lines^Manner in which these TuttbtW 
affect the aoundtDga — Datum line for Honndingi — Use of tide-gauges in rt^>»( 
aoundings to the datum — Formnla for their rednetioo— FonnuU nolj trie « 
the anppoaitioD of the liaea being parallel to high wster^Reanlta affected b} 
erroneoua aupiwaition — Moat effectual means of avoiding inaoooracy ; 1"* 
thia not always practicable— General mles for taking sonndinga— High aw 
low water soundings — Formulss for ascertaining the rise of tide and huglrtO' 
aandbanka — Cross aections — Mr. Henry Uitcbell'B mle for determining sir's- 
tiona along a tidal river without levelling ; not applicable to rivers in tnit 
country. 

The hydrometric observations to be tirat noticed are 
those of the tides, and it is essential that they be scrupu- 
loxisly correct, as they determine the accuracy of all sound- 
ings of the depth of water, and of all sections of the bed 
of the river, which are generally constructed from the 
data afforded by the sounding-line. The information 
afforded by the tidal and other hydrometric observations 
is also indispensable, as will afterwards be seen, iu en- 
abling the engineer to form iin opinion on many important 
questions that are being constantly brought before him, 
and I therefore offer no apology for discussing this part 
of the subject at some length. 

The tides of rivers are influenced partly by the circiun- 
stances under which the great tidal waves of the < 




HVOEOMETRIC OBSERVATIONS. 69 

feter their mouths or estuaries, and partly by the size of 

le streams and the configuration of the beds and banks 

I tke rivers themselves, all of which have a share in 

J^ng t.he free flow of the tidal currents along their 

inels. As no rivers are to be met with whose com- 

nication with the sea, and the course and strength of 

i streams are in ail respects similar, corresponding 

Bsimilaritiea naturally occur in the circumstances attend- 

'f the rise and fall of river tides. If it were correct to 

that the high -water mark of each tide, at any 

, number of points in a river's course, stood invari- 

Y on the same level,— that the times of high water at 

f points were the same, — and that the progressive 

IB and fall of the tides were uniform and equal at every 

bt, — or, in other words, that the sectional lines formed 

I the surfece of the water at all periods of flood ajid ebb, 

1 1 term the " tidal lines of the river," were parallel 

ihe line of high water,^the work of the engineer in 

; data would be greatly simplified. But if he 

I to make such an assumption the groundwork on 

ich to foimd his opinions and frame his designs, his 

elusions would almost invariably be formed on erro- 

1 data, as hi3 soundings and sections would in most 

i be inaccurate. 

The followine remarks by Professor Eobison,' illustra- Anomalies o( 

... . . . ">■" "'!"■ 

tive of some of the anomahes in river tides, are interesting 
in connexion with this subject. 

Regarding the rise or incKnation which in certain 
jices occurs in the high-water line, from the 

■ Bobiapn'a MeehaniaU PhUotophy (Brewster's BditioD), vol. iu. p. 353. 
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entrance of a river upwards, Dr. Robison says : — ~" "Wlien 
a wave of a certain magnitude enters a channel, it has a 
certain quantity of motion, measured by the quantitj fJ 
water and its velocity. If the channel, keeping the same 
depth, contract its width, the water, keeping for a while 
its momentum, must increase its velocity or its depth, or 
both, and thus it may happen that, although the greatast 
elevation produced by the joint action of the sun and 
moon in the open sea does not exceed 8 or 9 feet, the tide 
in some Bingular situations may mount consideraUj 
higher. It seems to be owing to this that the high water 
of the Atlantic Ocean, which at St. Helena does not ex- 
ceed 4 or 5 feet, setting in obliquely on the coast of 
North America, ranges along that coast in a channti 
gradually narrowing till it ia stopped in the Bay <A 
Fundy as a hook, and there it heaps up to an astonishing 
degree." Again, as to the variation in the times of 
water at different points, and the non-parallelism of thi 
tidal lines, he says : — " Suppose a great navigable rivei 
i-unning nearly in a meridional direction, and falling int 
the sea in a southern coast. The high water of the 
reaches the mouth of the river (we may suppose) wh( 
the 8im and moon are together in the meridian. It 
therefore a spring-tide high water at the mouth of th 
river at noon. This checks the stream at the mouth 
the river, and causes it to deepen. This again checks th 
current farther up the river, and it deepens there alsc 
because there is always the same quantity of Imid wat< 
pouring into it. The stream ia not perhaps stopped, bu 
only retarded. But this cannot happen without ita grow 
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iiig deeper. This is propagated Cirther and farther up 
the stream, and it is perceived at a great distance up the 
rirer. But this requires a considerable time. We may 
flippose it just a hinar day before it arrives at a certain 
wharf up the river. The moon at the end of the day is 
sgam on the meridian, as it was when it was spring- tide 
at the mouth of the river, the day before. But in this 
interval there has been another high water at the mouth 
of the river, at the preceding midnight, and there has just 
been a third high water about 15 mlnutas before the 
moon came to the meridian, and 35 minutes after the sun 
Ua passed it. There must have been two low waters in 
the interval at the mouth of the river. Now, in the same 
Way that the tide of yesterday noon is propagated up the 
*ream, the tide of midnight has also proceeded upwards, 
and thus there are three co-existent high waters in the 
iier. One of them is a spring-tide, and it is far up at 
N.e wharf above mentioned. The second, or the midnight 
tide, must be half-way up the river, and the third is at 
fhe mouth of the river. And there must be two low 
"it^ra intervening. The low water, that is, a state of 
■ f river below its natural level, is produced by the pass- 
ing low water of the ocean, in the same way that the 
high water was. For when the ocean falls below its 
natural level at the mouth of the river, it occasions a 
greater declivity of the issuing stream of the river. This 
must augment its velocity ; this abstracts more water 
from the stream above ; and that part also sinks below 
its natural level, and ^ves a greater dechvity to the 
irs behind it. And thus the stream is accelerated. 
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and the depth is lessened in succession, in the same way 
as the opposite effects were produced. We have a low 
water at different wharfe in succession just as we had 
the high waters." 

'' This state of things, which must be familiarly known 
to all who have paid any attention to these matters, 
being seen in almost eveiy river that opens into a tide- 
way, gives us the most distinct notion of the mechanism 
of the tides. It is a great mistake to imagine that we 
cannot have high water at London Bridge (for example), 
unless the water be raised to that level all the way from 
the mouth of the Thames. In many places that are &r 
from the sea, the stream at the moment of high water is 
down the river, and sometimes it is considerabla At 
Quebec it runs downwards at least 3 miles per hour. 
Therefore the water is not heaped up to a level, for there 
is no stream without a declivity." 

In the river Amazon, the tide is said to ascend against 
the stream, in the manner described, for several days, 
and to penetrate to the distance of 200 leagues from 
its mouth, seven or eight tides, with intermediate low 
waters, following each other in succession;^ and in the 
Thames we find a similar tidal succession, but not to so 
great an extent, and arising, according to Whewell, 
'* from the peculiar circumstance of the river's having a 
tide compounded of two tides arriving by different roads, 
after journeys of different lengths," in allusion to the two 
branches into which the tidal wave is divided on reaching 
the British shores, one of which flows up the English 

1 JSncylopcedia Britannica, art. "River.*' 
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I while the other proceeds along the west and 
t coast of the country, and flowing down the east 
5 again joins the other branch. 
Siirh ^Tuiationfl on the high-water lines as those 
dfHTil>od by Rohison would no doubt be found to exist 
to some extent in every situation, if the rise of tide and 
I tiie capacity of the river or estuary were sufficiently 
t to admit of their full development, and if the obaer- 
ttions made were of sufficient extent to include them 
their range. But from the smallness of British 
which flow from a comparatively narrow and con- 
. country, the ordinary surveys made for engineer- 
[ purposes in Britain vety rarely embrace so great a 
1 of observations as to include the range of more than 
e tide ; nevertheless, even in this country, such irregu- 
■ritJes are foimd to exist on the tidal lines as to require 
1 investigation to insiu^ accuracy, especially in sltua- 
8 where the rise of tide is great. 

Before entering fuUy on the explanation of the dif- 
nt steps to be taken in making a correct series of tidal 
wrvations, by which alone the anomahes I have alluded 
can be discovered, some preliminary remarks, in expla- 
aation of the exact nature of the inquiry to be instituted, 
appear necessary to the proper understanding of what is 
to follow. 

If the tidal lines of a river were level and parallel, a NBtu™ of the 
series of observations on the progressive rise and fall of river tides, 
the tides made at a single graduated gauge placed in any 
(■art of its course, at which the whole of the tidal rise and 
I . ! i : - i.Ieveloped, woiUd be sufficient for correcting all 




5 
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soundings and reducing them to one level datum lina 
For the person making the soundings on any part of the 
river would only have to note the time of observation, 
and by comparing it with the tide^bBervations made 
at the same time, as entered in the tide-book kept at 
the gauge, would discover the exact state of the tide 
at the time the sounding was made. K, on the other 
hand, the lines had a certain inclination, but war^ 
nevertheless parallel to each other, the single series 
of observations alluded to would still be su£Scient &r 
obtaining the correct depths at high water, and oqih 
sequently an accurate profile of the bed of the liver, 

y 

Fio. 13. 

exhibiting all its inequalities ; but it is evident that the 
inclination of the tidal lines, and, what is of more import- 
ance, the true position of the bed of the river in reference 
to the datum line of the section, could not be ascertained 
by this means. Thus let the lines a h and c d represent 
the high-water line and the bed of a river respectively, 
and let there be a rise of 1 foot 6 inches in both of them 
in the distance represented in the cut. If one tide-gauge 
only were used, suppose at the lower extremity of the 
river, the section, when protracted, would assume the 
form represented by the dotted lines x b and y cZ, in 
which the high-water line and bottom of the river are 
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1 as being level, whereas their correct positions in 
moe to the level line a e, which we may suppose to 
the datum line of the section, are those represented by 
Unee a h and c d, on each of which there is a rise of 
t 6 inches. 
Tie inclination of the bed forms an important element Tide [ 
dJ questions relative to the navigation of rivers, and 
r means must be adopted for determining this before 
' design of improvement can be formed, and for this 
3 it is obvious that at least two tide-gauges must 
I, one at either extremity of the river ; and fni-ther, 
t their relative levels must be accurately ascertained, 
if the high-water line in the case referred to in 
; 13 should stand at 10 feet on the lower gauge, it 
I, if their zeros are at the same level, stand at 1 1 feet 
iches on the upper one at the same moment, thus indi- 
» the difference of leveL In this way not only are 
data for ascertaining the correct depths at high water 
rded, but a proper section of the river can be made, 
tidal lines and bed being represented in their true 
itions in reference to the datum line. 
From what has already been said, however, regarding 
anomaUes of the tides, it will re^ily be seen that it 
lid be improper to assume that the tidal lines are 
allel during the whole period of flood and ebb ; and 
9fore it is necessary to provide for this by adopting 
tnediate stations for tide observations, and by taking 
soundings of the river at particular periods when the 
istioD irom parallelism in the tidal lines is at its 
mum, as will be more particularly noticed hereafter. 
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Selection of 
sUtions for 
tidml observa- 
tioiM. 



Agents which 
produce dis- 
turbance in the 
parallelism of 
tidal lines. 



Examples of 
variations on 
the tidal lines. 



In determining the number and selecting the sites of 
the stations at which tide observations are to be made, 
the engineer ought to be regulated bj the amount of 
tidal rise and the configuration of the banks of the river. 
Where the rise of tide is small, and the tidal currents are 
very languid, few places of observation may suffice, but 
where there is a great rise of tide, accompanied by rapid 
currents, the parallelism of the tidal lines, on which the 
correctness of the soundings depends, is more apt to be 
disturbed, requiring a greater number of points of obser- 
vation. It may be stated, as a general rule, that the more 
numerous the tide stations are the nearer will the results 
approximate to the exact line of the tidal wave at any 
particular moment of flood or ebb, and the less chance 
will there be of error in reducing the depths of the 
soimdings. 

Whether an extended or limited series of observations 
is to be adopted, it is necessary, while selecting the sites 
for the stations, to have due regard to the agents most 
likely to produce disturbance in the parallelism of the 
tidal lines, such as abrupt turns or bends and sudden 
enlargements in the transverse sectional areas of rivera 

These variations on the tidal lines, and the manner 
in which they affect soundings and sections, will be best 
explained by reference to a few examples. 

The results which I shall state, in the first place, 
were obtained jfrom observations made on the river Dee 
in North Wales. 

Three series of simultaneous tide observations were 
made in that river : one at Chester, another at Connah's 



V, • 



=<5 

En 

> 



K III 

-^ as 

Q. ^ M 



sa 



X 




I 






I 

i 

n 

u 

4 



< 

a. 



HYDROMETRIC OBHERVATIONS. 77 

and. a third at Flint, and the following results 
obtained. 

!he distance from Chester to Connah's Quay is 7J 
, and that from Connah's Quay to Flint 3| miles ; 
■whole distance from Chester to Flint being 1 1 miles. 
part of the river which extends from Flint to Cun- 
B Qviay may be said to be an open eatuary ; and the 
part, extending from Connah's Quay to Chester, is 
artificial tidal canal, having an unobstructed water- 
r of about 500 feet in breadth at high, and 250 feet at 
' water, as will be seen from the chart of the river, 
ite V. 

The high -water line was found, by an average of 
nty-fbur observations, to rise 2 inches from Flint to 
tmah's Quay ; and from Connah's Quay to Chester the 
e was found to vary from 4 inches at neap to 1 4 inches 
spring tides, giving, as the result of twenty-four ob- 
itions, an average rise of 6 inches. The whole 
Brage rise on the high-water line from Flint to Chester 
therefore 8 inches. 

The diS'erence between the times of high water at the 

iBnt stations was found to vary very much, and 

. to be more affected by the state of the winds 

by the circumstance of the tides being neap or 

but the average of the observations gave the 

3 of high water at Flint twenty minutes earlier than 

Connah's Quay, and that of high water at Connah's 

lay thirty minutes earlier than at Chester ; the whole 

erage difference in time between high water at Flint 

1 at Chester being fifty minutes. 
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The amiflti lerd of the low-water line at Coonal 
Qoftj is S feefc 6 indies hdaw tliat at Chester, giving 
tite "^^g*"*** of 7^ Bules an average &11 of 4 '09 inches f 
mDe, asd tha lerel of tbe low water at Flint is 7 feet 
^ t*flifa lieliiB tliat at Cmnah's Qitar, giving on a distan 
of 3| mifee an image &U of 24*54 inch^ per mile. T 
total &n fipom Che^er to Flint is 10 feet, being an avi 
mge fiJI oo the distance of 11 miles of 10*9 inches p 

Whoi the rise of tide> as indicated by the Liverpa 
tide-taUe^ k 18 feet cu tlte dock sill at Liverpool, the r 
in the Dee is 20 feet 10 indies at Flint, 13 feet 8 ind 
at Cotinah's Quay, and 11 feet 5 inches at Chester. 

Flatee VL and TIL repreaent approximately the i 
aasomed by the tidal lines of the river. Plate YL i 
sents the flood lines of a tide rising 19 feet 8 indies 
Flint. In this, as well as in the other diagrams illusti 
thre o£ the riae or fell of the tides, the perpendicular 1: 
show Uie rdative portions of the stations, and are grad 
ated in the same way as the tide-gauges. On 
horizontal line at the top of the diagrams, the relati 
distances betw^een the stations are marked in miles, i 
at the right side of the Plates, the time corresponding 
the level of the tide is expressed in hours and mimitt 
The hard diverging lines are drawn through the points 
which the tide stood at the different stations, as i 
tained by observation, and represent the tidal lines of t] 
river. They are drawn straight, but in reality will p 
sent a curved form. Those which are dotted show 1 
probable direction of those lines, when their forma coi 
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The observations at the Lune were 
parts of the river, namely, Glasson Dod 
and Lancaster Quays, the positions of w 
on Plate VIII. The distance from Glaa 
3^ miles, and that from Heaton to La 
making the whole distance from Glaa 
5^ milea 

The high-water line at Glasson, I 
caster, was found occasionally to stan( 
same height; but the average differen 
fell of 1 inch from Glasson to Heaton, 
inches from Heaton to Lancaster, the su 
at Heaton being slightly depressed, and 
concavity on the high-water line obsen 
configuration of the estuary. A great < 
space between the banks occurs at Glas 
the free flow of the tidal wave, and cc 
its level at that place. After passing 
however, the water flows into the large 
in which the Heaton tide-gauge was 
from Glasson tow^ards Lancaster, and h( 
again falls, owing to the much larger si 
the water is distributed. 

The time of high water was found, • 
out of twenty-four, to be exactly the 
Heaton, and Lancaster. The difference 
between Glasson and Lancaster varic 
minutes, and the average of the obse: 
time at high water at Glasson 3| minu 
Lancaster ; but this difference in time 
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rely on the wind or state of the weather, and not on 

^■lrcuIT\at.ance of the tide being spring or neap. 

The a-verage level of the low water at Glaason b 7 feet 

]i.--Uea below^ that at Heaton, giving, in a distance of 3^ 

.1^, an average fall of 26'76 inches per mile; and the 

ruge level of the low water at Heaton is 3 feet 9 

' "nee below that at Lancaster, giving, on the distance of 

; luiles, tax average &I1 of 20 inches per mile. The level 

: the low water at Glasson is, therefore, 1 1 feet below 

.it at Lancaster, giving, on the whole distance of 5-J 

iLiiles, a lall on the low-water line of 24 inches per mile 

between the two places. 

When the rise of tide, as indicated by the Liverpool 
le-table, is 18 feet above the dock sill, the rise of tide 
■I the Lime is 21 feet 1 inch at Glasson, 13 feet 10 inches 
-t HeatOD, and 10 feet 2 inches at Lancaster. 

Plates IX. and X. represent the forms assumed by the 
. daJ lines of the Lime during a spring-tide which rose 
_:i feet 4 inches at Glasson. The tide, as will appear from 
. 11 inspection of Plate IX., began to rise at Glasson at 
i> hours; at 10 hours 5 minutes it had risen 11 feet 4 
rnchee, and at that time had just appeared at Heaton ; 
the surfiice of the water at Glasson being 4 feet 3 inches 
above that at Heaton. At 10 hours 40 minutes the tide 
had risen 1 5 feet 6 inches at Glasson, and was 1 foot 9 
inches above the level of the water at Heaton, and 4 teet 
4 inches above that at Lancaster, at which place the tide 
had just begun to appear. Thus, while at low water 
there is a fall of 11 feet from I^ncaster to Glaason, there 
was at the time mentioned a fall of 4 feet 4 inches on the 
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surface of the water from Glasson to Lancaster, 
hours 20 minutea it was liigh water at Glasson, 

land Lancaster, and at that time there waa a &)1 ofi 

, incbea both from Lancaster and from Glasson to 
termediate station at Heaton, producing the concai 
the high-water line already alluded to. 

On referring to Plate X,, which shows the lines c£i 

ftide on the same day, it will be found that the water! 
tides gradually, a alight degree of concavity on the 
being discernible for an hour and a half after high water 
and during the whole of the ebb-tide, as in the former 
case, the lines approach much more nearly to paralleliam 
and horizontaUty than during flood-tide. The upper 

k tidal line of this diagram corresponds with that of higll* 

I water. 

I have found in all rivers whoae tides I have ej 

'with this object in view, that, on comparing 
formed during spring with those formed during neap] 
the latter are invariably more nearly parallel to 
of high water ; the deviation from parallelism d< 
in proportion to the decrease in the rise of tide. For tJie 
purpose of illustrating this, I have given, in Plates XL 
and XII., an example of the lines formed by the flood of 
a neap tide on the Lune, and the ebb of a neap tide on 
the Dee, which, when compared with the examples of the 
spring-tides of these rivers already given, will be found 

I to approach much more nearly to horizontality and paral- 

rielism. A ftirther illustration of this is presented in the 
following tabidar views of the maximum difl'erence of 
level between the surface of the water at Flint 
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leeter on the Dee, and at Glasson 
Dme, during the flow of tides ol 
srtical rise : — 

RIVER DEE. 



Daxb. 


RlMoTTida 

rant 


Maxtmnin Fall 

from 
Flint to CheKter. 


1839. 
May 21. 

„ 23. 

» 25. 

n 29. 
Jane 10. 


Fwt la. 
14 

16 6 
16 4 

18 

19 8 


- Feet. In. 

3 8 

4 6 
6 8 

6 6 

7 10 



EIVEE LUNK 



Date. 


Rise of Tide 
at 

Olaseon. 


MazimmnFall 

from OlMson to 

Lancaster. 


1839. 
Aug. 29. 
„ 31. 


Feet In. 

12 1 
12 9 


Feet In. 
1 1 

1 6 


Sept. 1. 

n 3. 


15 4 
19 8 


2 
2 10 


„ 5. 


23 2 


3 2 


„ 6. 


23 6 


4 4 



I shall only refer to another example, which is chiefly 
nteresting as showing the undulating lines of the tide- 
nrave in its passage up the narrow channel of a winding 
liver. I allude to the Forth in Stirlingshire, in which, 
from its tortuous course, the tides are somewhat remark- 
able. To give an idea of the windings of this river, it 
inay be stated that the distance in a straight line between 
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the towns of Alloa and Stirling, both of which are situat 
on its banks, ia 5 miles ; while by the river's eoiirae it L» 
less than lOj miles. The tidal currents, however, in t 
Forth are not so rapid as those to which I have been I 
ferring, otherwise the deviations in the tidal lines wot 
doubtless have been much greater thaD they were foun 
in reality to be. 

Four stations were selected, namely, at Alloa, Tilli 
body, Powishole, and Stirling, and the observations wer 
made under the direction of Mr. Robert Stevenson. Tli 
deviation in the lines will be seen by reference to t 
diagrams in Plate XIII., which are constructed nearly 
the same manner as those ah-eady described, and represenl 
the forms assumed by the surface of the water duiiof 
flood and ebb, at the end of eveiy successive half hoon 
The most anomalous result of this investigation occurs 
Powishole, where the undulating surface of the water w 
found to rise higher than at any other point on the river, 
either above or below it. 

Although many other series of observations affording 
s imi la r results might be given, it seems unnecessary to 
enter upon them ; my only object being to enable tl« 
reader to form distinct ideas as to the nature of tlu 
deviations in the tidal hues, and the several inveetiga 
tions that require to be instituted in making a conw 
survey. The examples I have given, it is presumed 
afford sufficient information for that purpose. I 
therefore, proceed to show in what manner and to wl 
extent, the accuracy of the soimdinga may be affected 
the non-paraUelism of the tidal lines to the line of big 
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f ; and, that the observationfl to be made may be 
irly understood, I shall, in the first place, offer a few 
irka on the datum to which the soundings should be 
daced, and also on the nature and use of the reference 
ich is made to the tide-gauges, in the reduction of 
r depths to that datum. 
It is evident that all soundings must be reduced or D«ton. tor 
referred to one datum line, before a correct notion can 
be formed of the depths of water at the places where 
they were taken ; and perhaps the most convenient datum 
ia the high water of an ordinary spring-tide. When I 
had occasion to determine this, I have taken the range of 
the five highest spring-tides of each series throughout the 
year (rejecting any (dinormal tide due to a storm), and 
adopted the mean of these as the range of an ordinary 
Bpring-tide. This, however, requires access to a long 
series of observations, which is not often available, and it 
will fi-equently be fovind convenient to reduce the sound- 
ings to high water of a spring-tide, having a range of 
U,6, 18, or 20 feet, as the case may be, at a certain point 
■ill the river which must be specified, and the depths in 
reference to the high water of any other tide, can, with 
this inlbrmation, be easily ascertained. 

In order to explain the use of the reference which is uae ot 
ie to the tide-gauges, in reducing the soimdings, wein™iuciDg 
shall suppose that a depth was taken in the middle of " ^' 
an estuary, and that the observer, at the time he made 
the observation, had not any means of ascertaining the 
kte of the tide. Such an observation would evidently 
of no practical use, from the circumstance of its being 
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impossible to ascertain whether the tide had Btlll to rise, 
had attained its fidl height, or had fallen a certain number 
of feet at the moment it was made, without a distinct 
and accurate knowledge of which, the depth could aot be 
reduced to the level of the high water of any particular 
tide. If all the depths were taken exactly at the time 
of high water of the tide to which they were to be re- 
ferred, they woiild not require any correction ; hut it a 
obvious that in practice this could not be done ; and 
recourse ia consequently had to observations of the rise 
and fall of the tide on graduated gauges, and from these 
the reduction is easily effected. All that is necessary for 
this purpose is, to note the time at which the sounding is 
taken, and to ascertain from the tide^auge record, tlu 
height at which the tide stood on the nearest gauge wheo 
the sounding was made. The method of obtaining the 
corrected depth resolves itself into one of three c 
depending on the time of tide at which the observation 
was made. It is as follows : — 

Let a represent the depth of sounding made at a certain honr. 
j3 the height at which the water stood on the tido-gsngi 

at the same hour. 
y the height to which high water of ordinary spring-tidei 

riaes on the gauge. 
B the depth of the sounding reduced to high water. 
Now, in the first case, if /3 is below the level of -v, then 

B = a + {y-0). 
In the second case, if ff is on the same level as y, then 

And in the third case, which may happen in a higli spring a 
equinoctial tide, if j9 is above the level of 7, then 
« = a-03-7)- 
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Tliese formulBB would give the true corrections of the Ft 
r«oundings, however far removed fi-om the tide-gauge their „i 
positions might be, if the lines formed by the tidal wave 
were parallel to that of high water at all times of tide, aa 
in that case the vertical spaces 7 — ^ or y9— 7, intercepted 
between the high-water line, and the other tidal lines, 
would be equal throughout the whole of the tidal area 
of the river or estuary. But it has been shown that the 
tidal lines aje not parallel, and the formulEe I have given 
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may, therefore, under certain circumstances, lead to error. 
As an example of this, I shall take one of the tide lines of 
the Dee from Plate VI. 

Let F and C, fig. 14, represent the positions of Flint 
and Connah's Quay Tide-gauges, and the intermediate 
point s the place at which the sounding was taken. Let 
F C represent the line of high water to which it is wished 
L4o reduce the sounding, o h the bed of the river, c d the 
bw-water line, and e d the tidal line which existed when 
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the observation was made, whicli is not imaginary, but 
will be found to correspond witb that at 10 houn 15 
minutes, as represented in Plate Y L Further, let the 
sounding x y :=S feet. Let the depth at high water 
2 y at the position of the sounding, as measured on tlie 
diagram, = 17 feet 4 inchea Let the rise of tide at 
Connah's Quay g d = 12 feet 5 inches, the rise of tide at 
Flint cf = 19 feet 8 inches, and the height at which the 
water had risen on the Flint gauge, when the soundiiig 
was made, e c = 12 feet 8 inches. Now suppose the 
soimding is to be reduced by a reference to Coniuili's 
Quay ; according to the foregoing formula we should have 

zy=xy + {gd-0) 

= 8f + (12^5-0) = 20 feet 5 inches, 

the depth at high water, instead of 17 feet 4 inches, 
giving 3 feet 1 inch more than the actual depth, an error 
which might lead to unpleasant consequences, both as 
regards the navigation of the river and the fiaming of an 
estimate of works for its improvement. Again, if refer- 
ence were to be made to Flint, we should have 

zy=xy+fc'-ec 

= 8^ + (19^8-12^8) = 15feet, 

the depth at high water, instead of 1 7 feet 4 inches, being 
an error of 2 feet 4 inchea 

Now, the case that has been taken, which, in any view 
of the subject, would involve an error in the depth, either 
of 3 feet 1 inch, or 2 feet 4 inches, is not the worst that 
may be cited, for, under certain circumstances, and in cer- 
tain situations, the error would be considerably greater. 
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Kor, indeed, are the high-water depths the only 
Insults that would be affected. The correctDess of the 
Kwction of the bed of the river, the depths of the sovmd- 
linga when reduced to low water, and the heights of the 

1-banks above the low-water line, depends entirely on 
« accuracy of the high-water depths. It is obviously of 
e&t importance, therefore, that the engineer should not 
iianly be fiilly aware of the cause of these errors, and the 
latent to which the results of a survey may be affected 
I'sythem, but also that he should know, and be able to 
I W'y* wlisre necessary, the means by which they may be 
I flcntralized. 

It has been shown that the erroneous results alluded gi 



line of the high water to which the soundings are to be 
I reduced, and it has been stated that the most effectual 
means of avoiding inaccuracy from this cause is to increase 
the number of gauges ; but even this precaution, unless 
carried to an extent which may, in ordinary practice, be 
Mfely regarded as quite unattainable, would not produce 
the desired effect, The only really practicable cure which 
can be applied is that of taking the soundings when the 
fines are most nearly parallel to the line of high water. 
That there are not only certain tides, but also certain 
periods of every tide, when this approach to parallelism 
is much more near than at other times, has, it is presumed, 
been clearly established ; and in accordance with this I 
gave in 1842 rules for direction in making the soundings, 
the correctness of which I have had repeated opportimities 
of practically testing. 
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First, Soundings made in the immediate vicinity of 
the gauge, by a reference to which they are to bo wr- 
rected, are not appreciably affected by deviations from 
paraUelism, and may be taken at any time of tide, and 
under any circumstancea. 

Second, The fai-tber distant the positions of the sound' 
ings are from the gauge, by a reference to which they are 
to be corrected, the greater is the chance and the amount 
of error which may arise from non-parallelism. 

Third, Soundings should be made during neap in pre- 
ference to spring tides. 

Fourth, Soimdings should be made in ebb in prefa> 
ence to flood tides. 

Fifth, Soundings to be taken in flood-tides, especiallj 
during springs, should not be made till within about an. 
hoxu" of high water. 

If these precautionary rules be kept m view, they will 
be found to counteract in so great a measure the d 
of non-parallelism as to instire in most cases sufficient 
accuracy for all practical purposes, in reducing the obaei 
vationB. They apply most particularly to rivers in whid 
the rise of tide ia great and the currents are strong ; hx 
they may be said to be applicable, in a greater or lo 
degree, to all situations, and may be embraced in thei 
two directions, a compliance with which does not seem I 
involve any great difficulty : First, soundings should n 
be made during very high tides ; and secondly, all obsef 
vations not made about an hour before and after Am)) 
water should be confined to the immediate vicinity of 
gauge by a reference to which they are to be corrected. 
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In addition to the soimdings which are taken throxigh- 
out the area of an eatuaiy during flood or ebb tide, it is 
useful to take a series in the navigable channel at low 
water. The soundings belonging to the first class are to 
be reduced to the high water of ordinary spring-tides by 
the formula given at page 86 ; those of the second or low- 
water series require no reduction, unless the level of the 
water on the gauge shows that the river was in flood, 
and when all of them have been laid down on the chart 
we shall have the high-water soundings distributed over 
the several aand-banks throughout the area of the estuary, 
and also a line of low-water soundings in the centre of the 
navigable channel, as shown in the chart of the Lime, Plate 
VIII., on which the soundings have been marked as an 
illustration. But it is still necessaiy to ascertain the 
heights of the sand-banks above low water. For this 
purpose, the rise of the tide at different parts of the river 
must be ascertained ; which, together with the determi- 
nation of the height of the sand-banks above the low- 
water mark, is done in the following manner : — 

From the system followed in taking the soundings High »n<i low 
which I have described, it is evident that a high and aingi. 
low water sounding nearly corresponding in position can 
generally be obtained at all the places where the lines of 
soundings, which have been taken during flood or ebb 
tide, croes the low-water channel. This will be easily 

ierstood by referring to the chart of the Lune, al- 
though, from the smaUness of the scale, the exact lines in 
which they were taken are not very definitely exhibited. 
Let a, therefore {without reference to the Plate), represent 
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a high-water sounding (corrected by the formula given at 
page 86) whose position is in the navigable channel, and 
let 13 be the low-water soimding which most nearly coin- 
cides with the position of a. Then a — iS will be the 
vertical rise of tide (which we shall call y) at that point. 
The values of y being thus found at as many points as 
possible in the channel of the river, the number of which 
points will be limited by the number of the lines of high- 
water soimdings that cross the low-water channel, they 
should be marked on the plan in large figures, as shown 
Formnia for in the chart of the Lune already referred to. Now the 
rise of ude and valucs of the soimdings a a a, etc., distributed throughout 
bunks. the estuary, will either be equal to, greater, or less than 

those of 7 7 7, etc., which we may suppose to represent 
the vertical rise of tide at the points nearest which the 
soimdings occur, and the three results may be expressed 
as follows : when 

a — 7 = n, 

the soimding has occurred in the navigable channel or 
some deep pool in the sand-banks, and n = the depth at 
low water ; when 

7 = a, 

the sounding has been made exactly at the edge of low 
water, or perhaps of a pool on a level with low water, as 
the case may be ; or, in other words, at the point where 
the level of low water cuts the sand-bank ; and when 

7 — a =^ Uy 
or, as it is marked on the chart, — n. 

the sounding has occurred on a sand-bank or other raised 
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olistmction, and — n = the height of the bank above low- 
water. In marking these Boundings on the plan it is 
neoeesaiy to show the depths both at high and at low- 
water, and the most convenient way of doing this is to 
put them in a fractional fonn, the depths at high water 
being placed as the numerator, and those at low water as 
the denominator, distinguishing the heights of the sand- 
banks above low water by prefixing the negative sign. 
V.x'ording to this notation the three results alluded to 
"uld be stated thus on the plan :— 



iording aa the sounding had been taken in the low- 
channel, at its edge, or on the top of a sand- 

For an example of thLs, Plate VIII. may be again 
to, where, at a place marked Bafflersford, nearly 
aite the needle of the compass, it will be observed, by 
I large figures at the side of the channel, that the rise of 
''■tide is 12 feet 9 inches. It will also be seen that, at the 

middle of the channel, the sounding ^n. -i^. occiirs, which 

^MDotee the depth at high water to be 18 feet 9 inches, 

^and that at low -water 6 feet, the difference between the 

two quantities being 12 feet 9 inches, which is the rise of 

tide at that place. On the adjoining sand-bank there 

is a sounding, --^nrrj^.> denoting the depth at high 

water to be 9 feet 1 1 inches, and the height of the sand- 
batik above the level of low water to be 2 feet 10 inches. 
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The same notation will be perceived throughout the whole 
of the chart of the Lune. 

In addition to the soundings, it is very generallj 
necessary to make cross sections and borings of the river's 
bed to ascertain the quantities and quality of the mate- 
rials to be excavated in order to obtain a certain depth of 
water. 

In selecting the points at which to make these obsff* 
vations the engineer must of course be guided hj the 
object of the investigation and the formation of the river's 
course. If there be fords or shoals in the bottom which 
occasion obstructions to the navigation, and require to be 
removed, one or more lines of section may be fixed on st 
each shoal, according to its extent. Where, as sometimej 
happens, the channel is irregular, or has rock occurring at 
various points, it is often necessary to obtain, by means of 
numerous cross sections, an exact survey of the whole, or 
at least of a great part of the bed, before any distinct plan 
of operations can be formed; and the depths of the 
sections and borings may be referred to the same datum 
as the soundings of the depths of water. 

Mr. Henry Mitchell, of the United States Coast 
Survey, who has published several interesting papers on 
Marine Surveying, has proposed an Ingenious method o 
determining elevations along the course of a tidal rivei 
without the aid of a levelling instrument, which h( 
explains as follows : — " Set up graduated staves at sucl 
distances apart that the slacks of the tidal currents shal 
extend from one to another. By simultaneous ohserva 
tions ascertain the difference in the readings of 
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gauges at the slack between ebb and flood cmrenta, and 
again the difference at the slack between flood and ebb, 
then apply the rule : The difference in the elevations of 
the zeros of the gauges is equal to one half the sum of the 
differences of their Tradings at the two slack waters. 

" In the Hudson I found that staves 10 miles apart 
could be referred to each other by this rule, and that no 
nice current observations were really necessary. The 
slope is so nearly constant about the time of alack water 
that an error in this time of a half hour, in some cases, 
would be of no consequence. The coincidence of time at 
the two gauges and the careful reading of the heights are 
tbe most impoi'tant elements, I offer below an illustra^ 
tion from observations upon one of the fourteen reaches 
examined during October 1871 : — 
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It IB obvious that this method of treatment assumes 
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that the slope on the sur&ce of the river during the slack 
of the ebb-tide is exactly equal in the opposite direction 
to the slope during the slack of the flood-tide ; that the 
section lines formed by the flowing and ebbing tide at 
these periods are extremely regular, that the gradients 
between the points of observation are uniform, and that 
the tidal lines during the period of observation are prac- 
tically parallel In the river Hudson the tidal range, 
though only about 5^ feet at New York, is felt for a dis- 
tance of 150 miles, as &r as Albany, and the tidal lines 
have gentle gradients, and in that case Mr. Mitchell lias 
found the method to be applicable ; but a glance at the 
tide lines in the preceding Plates will show that it could 
not be applied to such rivers as I have been speaking o( 
where I suspect nothing short of actual levelling of the 
gauges wiH insure such a result as can be relied on. 



CHAPTER V. 



43E OF KTVEHS — trNDEH-CTKRENTS — SPECIFIC 
GEAVIT1E8 OF WATEB, ETC. 

inhftrge of riven— Mode of detcrmiaiiig the vdocit; of a river ; by flouts ; by 
iKbonieter — Formnl* for rednciDg the Bnrfsce to mean velocity— Methods of 
ucertaining discharge by formuliu^FocmuIs! generdtly ajiplicable, but Eiffording 
1 only an approximation — Floods— Discbarge should be ascertained in normal 
J condition of stream — Method of gangiog average diBcbarge, eiclusive ot floods 
— Rcsiilta of fonnnlie destroyed where ander-currents exist — Instruments for 
awortaining uoder-currents — Tachometer — Undet'Ciurent floats used at Cro- 
marty Firth ; in deep-aea researches, etc — Cause of under- ciirrent« — Methods 
tit uoertuniiig specimens of water from different depths — Different forms of 
kjdrophunrB, and manner of using them — Oecurrence of fresh water in tlie sea 
— Specific gravities ot fresh and salt water. 

It is often necessary in the practice of engineering to 
ermine the discharge of rivers, and the Telocity and 
rtiion of surface and under currents. In Bome invea- 
[ations, also, it is desirable to ascertain the quality of 
«r taken from various depths and at different times of 
ide, 6o as to know the proportions of sea and fresh water 
Miich constitute the mixture, and the quantity of aohd 
bterials held in mechanical suspension, such as sand or 
nd. 
A few remarks on the mode of conducting these dif- 
furent inveatigations will form the subject of this chapter. 
The most accurate method of measuring water dis- 
charge is to construct a gauge-weir and ascertain the 
ijuautity of water flowing over it ; but as this process is 
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only applicable to small streama, it doea not corae within 
the scope of our subject. 

The discharge of a river ia generally ascertained ly 
multiplying its mean velocity by its sectional area ; and 
in gauging a river with this object in vie-w, it is neceasanr, 
first, to determine accm-ately its sectional area in a plane, 
as nearly as possible at right angles to the direction of tins 
current. This is done by selecting a place where the 
banks are regular and the stream tranquil. A graduated 
cord is stretched across, as nearly as possible, at right 
angles to the direction of the currents. The depths of 
water are carefully taken, with a rod graduated to feet 
and inches, at distances of 5 or 10 feet (as indicated \ff 
marks on the cord), according to the minuteness of the 
inquiry to be instituted or the irregularities of the riverB 
bed, and, from the data thus obtained, an accurate cross 
section showing the sectional area of the river can 
conBtructed. 

After the observations for the cross sectjoaa have 
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liy of n river. Completed, the measuremente for ascertaining the velocity 
should at once be made before any change in the level 
the water, and consequent change in the area, can tak 
place. The velocity with which the water passes ovi 
the bed of the river will be found to vary, graduall; 
decreasing from the fair-way or deepest pait of the riv< 
towards the sides, and from the surface towards the bottom 
except in certain exceptional cases, to be afterwari 
noticed. For the purpose of calculation, therefore, th 
mean velocity must be determined. This is most acct 
rately done by ascertaining the siirface velocity in 
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middle of each of the compartments into which the trans- 
verse section of the river ia divided, by the soundings 
made, as ab-eady explained, and from these surface velo- 
cities, by a simple formula, the mean velocity of each of 
the compartments can be obtained, and the mean of these 
will be the required mean velocity of the river. 

For the purpose of ascertaining the smrface velocities, 
various methods may be employed. 

The most common, but by no means the moat bj ooau. 
satisfactory, mode of proceeding, is to drop into the 
water, from a boat, a float {whose specific gravity 
is merely great enough to sink it to a level with the 
surfiice), at a point about 30 or 40 feet above the line of 
section, so as to insure its acqiiiiing the iull velocity of 
the cujrent before it reaches the cord. An observer, 
stationed at the cord, notes exactly the moment at which 
the float passes, and follows it down the stream till he 
reaches the line of two poles, which have been fixed in re- 
ference to the observations, when he again notes the exact 
moment of its transit at the lower station. The elapsed 
time between the two transits is then noted in the book, 
along with the distance between the two places of obser- 
vation, which, owing to the irregularity of most rivers, 
■with regard to width, depth, and velocity, can seldom be 
got to exceed 100 feet. This operation has, of course, 
to be repeated for every compartment of the cross 
section. 

Dr. Anderson, in measuring the discharge of the Tay, 
at Perth, used an adjustable float, which extended from 
iiba Burlace to near the bottom of the river, and so 
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obtailiedat once, approximately, the menn velocity of each 
compartment of the cross aection of the streain. 

Certain dieadvantagea attend the method of measur- 
ing velocities by floats, which render it not generally 
applicable. For example, it is only adapted to tivera of 
limited breadth, owing to the impoasibUlty of an observer 
being able to discover with sufficient accm-acy the exact 
time when the float passes the station lines, if it be viewed 
from a distance, as, for example, from the bank of a 
broad river. There are, however, greater objections than 
this, which, when pointed out, will be sufficiently obvious 
to every one. In any part of the river's bed passed over 
by the floats, the sKghtest irregularity of the bottom pro- 
duces a disturbance in the motion of the stream, and 
alters the velocity, so that it is not possible, from the tinie 
occupied by the passage of the float over the measuied 
distance, to deduce the mean velocity at the line of crofiB 
section. It is also impossible, by this method, to obtain 
a sufficient number of distinct and independent obeer- 
vations, apphcable to each division of the stream, as the 
eddies and irregularities of the current which exist in aQ 
rivers, generally cause the lines passed over by the floata 
to cross and interfere with each other in such a manner 
as to destroy all connexion between any given series (A 
observations, and the several compartments of the riverj 
whose mean velocity they were intended to ascertain. 

The great object is to determine the velocity of ead 
portion of the stream, as it passes the line of croa 
section ; and the best way of doing this m to employ thi 
tachometer or stream-gauge — an instrument of great set 
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>ii:e in such inquiriea. The current impinging on a vane 
causes it to revolve, and the number of revolutions made 
by the vane being registered on an index, which is acted 
on by a set of toothed wheels, indicates the velocity of the 
cnrrent. 

The constraction of this instrument, and the manner DMcnption o 
ill which it acts, will be best described by a reference 




tig. 15, which is drawn to a scale of one-third of 
tiie fiUl size. In this view, f f represents the driving 
vane, which is acted on by the stream, and of which g 
is a plan. The plane of this vane ia twisted, as repre- 
wnted by the dark shading in the cut, eo as to pre- 
jiife-edge, but an oblique fece to the action 
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of the current, which, by impinging on it, causes it to 
revolve. On the spindle or shaft of this vane, an endlew 
screw is fixed at e, which works in the teeth of the first 
registering wheel, and causes it to revolve, when the vaae 
is in motion, and the screw in gear. Letters a and b re- 
present a bar of brass, to which the pivots on which tlie 
registering wheels revolve are attached. This bar tB 
moveable on a joint at 6 ; and at the point a, a cord, a c, 
is fixed, by pulling which the bar and wheels can be 
raised, and on releasing it they are again depressed by a 
spring at d. When the bar is raised, the teeth of ihe 
wheel are taken out of gear with the endless screw, and 
the vane is then left at liberty to revolve, the number of 
its revolutions being unregistered ; but when the cord B 
released, the spring forces down the wheels, and jmmedi- 
diately puts the registering train into gear, in wludi 
state it is represented in the cut, I*etter A is a fltfir 
tionary vane (which is shown broken off, but measureB 
about 9 inches In length) for keeping the plane in which 
the driving vane revolves at right angles to the direction 
of the current, and k is the end of a wooden rod to which 
the tachometer is attached when used. The different 
parts of the instrument itself are made of brass. 

The moveable bar for the registering wheels and the 
application of the cord and spring which have been de- 
scribed, afford the means of observing with great acciiraty 
in the following manner. The instrument having been 
adjusted by setting the registering wheels at zero, oi 
noting in the field-book the figure at which they stand 
the cord is pulled tight, so as to raise them out of 
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I the instrument is then immereed in the water. The 
immediately hegina to revolve by the action of the 
ient, and is permitted to move freely round iintil it 
■attained the full velocity due to the stream, when a 
i given by the person who observes the time, and 
istering wheels are at that moment thrown into 
* by letting the cord slip. At the end of a minute 
her signal is given, when the cord is again drawn 
3 wheels taken out of gear, and on raising the in- 
ment fi*om the water, the number of revolutions in 
time is read off. This observation being 
made In the centre of each division of the cross section, 
I number of revolutions due to the velocity at each 
■ of the very line where the cross section is taken is 
nc© obtained, 
tefore using the tachometer, It is obvious that the 
! of a revolution of the vane must be ascertained ; 
[ although this is done by the manufacturers, it is 
ler that the scale of each instrument should be deter- 
by the person who uses it, and that it be tested 
instrument has been out of use for some time, 
being again employed in making observations, 
fide suflBciently accurate for most hydrometric pur- 
I may be obtained by immersing the instrument in 
Boroe regular channel, such as a mill-lead formed of 
maAonry, timber, or iron, where the velocity is nearly the 
Bame throughout, and noting the number of revolutions 
poribrmed during the passage of a float over a given 
number of feet, measured on the bank. This number, 
afore, becomes a constant multiplier, and the number 
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of revolutions being determined, the number of feet 
passed over by the water in the given interval of iime 
is ascertained. 

The values of the revolutions may perhaps be more 
accurately determined by placing two stakes 100 feet 
apart on the banks of a canal. The gauge, attached to 
a rod having a knee or bend at its extremity, U theu 
immersed at a little distance from the stakes, and drawn 
quickly through the water, so as to cause the vane to 
revolve. On passing the first stake the cord is slipped, 
and the registration commences. On passing the secowi 
stake the vane is taken out of gear, and the number of 
revolutions made in passuig over the distance of 100 
feet gives their value. The operation ia repeated several 
times, alternating the direction in which the gauge ifl 
moved through water, to destroy the effect of any small 
current that may possibly exist, and the mean of the 
observations is adopted to calculate the scale of the in- 
strument. 

Having thus by means of the tachometer determined 

in the surface velocity of the river at each of the division! 

of the extended cord, the next step is the reduction of th( 

observed surface to those of mean velocities, which will 

be rejidily done by the following rule of Du Buat. 

It is not clear that Du Buat meant this formula to be 
apphed in the manner here described ; on the contrary, i\ 
rather appears that he meant to deduce from a singh 
Burfece velocity taken in the centre of the stream a 
velocity appHcable to the whole sectional area. He, a 
quoted by Professor Robison, says, " The mean velociti 
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m any pipe or open stream is the arithmetical mean 
bn-een the velocity in the axis and the velocity at the 
Bdes of a pipe or bottom of an open stream ;" but it is 
Hrdly possible to find a river with a cross section so 
nmmetrical as to admit of a single central observation 
fcoving sufficient, and the formula is therefore often ap- 
ned to the velocities as measured in the centimes of the 
Bifferent compartmenta into which the river is divided in 
HD&kin^ the cross section. Du Buat's rule referred to is 
as follows :— 

1/ unity be taken from the square root of the surface 
velocity expressed in inches per second, the square of tfte 
remainder is the velocity at the bottom, and the mean 
v^ity is the half sum of these two. 

Thus, let a ~ the observed surface velocity, 
„ /9 = the bottom velocity, and 
„ 7 = the mean velocity, all in inches per second. 

^=(Va-l)'andy = ^; 

;ind hence, the mean velocity is directly dedncible from 
the surface velocity by the following formula : — 
a + (Va-l)' 
Y- 2 

The mean velocities obtained by calculation are to l>e 
multiplied into the area of the spaces in the centres of 
which the observations were made, in order to obtain the 
cubic contents of water discharged in each division ; and 
to obtain the whole discharge, it is only necessary to add 
Ktcu^ther the results of the observations made in all the 
^Kfferent compartments. The apportioning of the stream 
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into different parts, and treating each as a sep 
channel, appears to insure a much greater probability of 
a correct measurement than any method which depends 
upon assigning to the whole area a common velocity ; and 
it is obvious that this method can be effectually followed 
only by the use of the tachometer described, or by any 
similar instrument which possess^ the ad\-antage of con- 
fining its indications to the spot where the sectional ana 
of the river is actually measiued. Wherever, as will 
frequently happen in regular streams, the velocity of 
several corapartmenta, as ascertained by the stream-gaaga, 
are found to be the same, the areas of these compartments 
may be added into one stmi and multiphed by the comnwn 
velocity. It seems necessary to observe that velodtia 
exceeding 3 miles an hour are apt to injure an instru- 
ment of the size and proportions shown in the cut, and 
that in gauging more rapid rivers an instrument on 
the same principle, but of stronger make, should be 
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The velocity of currents in the open sea or in estuanea 
may also be determined from a boat at anchor, by allow- 
ing a float to run out during a given interval of time, and 
observing the quantity of graduated hne which has been 
let out. Some of the various forms of registering logs art 
also very suitable for such experiments when the velo* 
cities are not below 2 miles an hour. 

But aa the numerous observations of velocities whid 
I have described always occupy much time, many formull 
have been proposed to shorten the work of calcidating t 
discharge of a stream, I have had opportunities of t 
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E Uie value of these formulse by comparing the results 
J gave with those obtained by the more carefiil and 
wrate process which I have described, and as these 
Jly recognised formulae are conflicting, and in some 
i inaccurate, I shall give the result for the informa- 
1 of the student. 
Before doing so, however, it is necessary to define and 
. certain terms, without which the appUcation of 
B different formulEe would not be intelligible. 
In dealing with the discharge of a river, we are to 

nd:— 

First, That the slojje is the fall on the surface of the 

■, and is generally expressed in feet per mile, and is 

Krtained by levels carefidly taken. 

Second, The sectional area is the width multiplied by 

■its average depth, as ascertained by means of the section 

ilready explained at page 98. 

Thinl, The hydraulic mean depth is the quotient 
L'nen by dividing the sectional area of the channel in 
^(uare feet by the wetted border or perimeter in lineal 
feet, also ascertained from the section. 

Fourth, The mean velocity, which may either be de- 
ducted from the surface velocity by formulse, or ascer- 
tained directly by measurement, is that velocity which is 
used in ascertaining the discharge. 

Fifth, The discharge is the quantity of water yielded 
by the stream in a given time, and is generally stated in 
cnbic feet per minute, being the mean velocity in feet 
minute midtiplied by the sectional area in square 




3 



108 INLAND NAVIGATION. 

The formube wHch I subjected to trial were :- 

I. Formula given by Dr. Bobison, founded on Du 
Buat's investigations :^ — 

M =,, '''^:^^-'']l - 0-3 (V J- 01) 

VS-Hyp. log. of VS + 1-6 ^ ^ 

in which M = the mean velocity in inches per second, 
d -=• the hydraulic mean depth in inches, 
S = the redpiocal of the slope of the surface which is , 
the denominator of the fraction expressing the 
slope, the numerator being always unity (a slope of 
1 foot a nule is TtW> therefore 5280 = leciprocal 
for that slope), 
II}^). log. = the common log. of the number to which it is 
attached, multiplied by 2*3026. 

II. Formula given by Sir John Leslie :' — 

M = ;-|v^ 

iu which M = the mean velocity in miles per hour, 
a = the hydraulic mean depth in feet, 
/ = the fall on the surface in feet per mile. 

III. Formula given by Mr. Ellet for calculating dis- 
charge of the Mississippi '} — 

10^"-' ^ 20 
M = 0-8 V 
ill which V = the surface velocity in feet per second, 
d = the maximum depth of the river in feet, 
/= the fall on the surface in feet per mile, 
M = the mean velocity in feet per second. 

^ See article " River," Encyclopaedia Britannica ; also A Syfttem of Mechanical 
Philosophy , by John Robison, voL ii. p. 453. 

' Elements' of Natural Philosophy, by Prof. Leslie, Edinburgh, 1829, vol. L p. 423. 
3 The Mississippi and Ohio Rivers, by Charles Ellet, Philadelphia, 1853. 
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IV. Fonnula given in Mr. Beardmore's tables :'— 

M = V^S/ X 55 

I wiiich M = mean velocity in feet per minute, 

a = hydriiulic mean depth in feet, 
/= fall per niile iu feet. 

V. In addition to these formulse, the writer also sub- 
Bcted to trial the formula of Du Buat, as given at 

uge 105 :— 

2 

II wltich M = the mean velocity in inches per second, 

Y = the miiximum surface velocity in the axis of the 
stream in inches per second. 

In order to compare these diBFerent formulae, a very 
iivourabie situation was selected for ascertaining the dis- 
liarge of a stream by careful measurements of its sectional 
rea and of the velocities at different parts of its sui-face 
rom the centre to either side with the tachometer, aa 
leacribed at page 102, and the result gave a discharge of 
653 cubic feet per minute, which, from various measure- 
nenta, I beUeve to be a very near approximation to the 
ctiial discharge. The slope was also accurately ascertained 

Kful levellinga, and the following are the results : — 
Cubic feel 
charge irom measurement as above, 1653 per minute. 
Itt, By Rohison's formula, . . 2214 do. 

2^£, By Leslie's do, , , . 2474 do. 
id. By Ellefs do. . . . 2784 do. 

^Bl By Beardmore's do. . . 2335 do. 

^^b, By formula assuming the mean de- 
^" dnced from the centra surface velocity 

as the mean for the whole section, . 1950 do, 
' a^ratdic roile*, by Nsthniiiel lleardmore, C.E., London, ISSU. 
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It will be seen from tliis statement, that none of the 
formulae afford a near approximation to the discliarge of 
the small stream to which they were applied 

Again, it was ascertained My the late Dr. Anderson, 
of Perth, after most carefully dividing the cross section 
into compartments, and ascertaining the velocity of the 
stream in each of them, by the method described at page 
99, that the discharge of the main branch of the Taj at 
Perth was 147,391 cubic feet per minute.^ I ascertained 
the discharges, as calculated by the different formulse as 
above, and the following are the results : — 

Cubic feet 

Discharge per measurement, by Dr. 

Anderson, 147,391 per minute. 

l5^ By Kobison's formula, . . 153,632 do. 

. 2d, By Leslie's do. . . . 166,134 do. 

3rf, By EUet's do. . . . 122,002 do. 

4thf By formula in Beardmore's tables, 156,569 do. 

bth, By formula assuming the mean de- 
duced from the centre surface velocity 

as the mean for the whole section, . 179,237 do. 

Formula gener- The Tcsult of thsso trials, and others which I have 
but affording ' had occasion to make, is, that none of the formulae that 
prorimaUou. havo been proposed will be found generally applicable; 
but the following formula may be applied, and will, in 
most cases, give a pretty near approximation to the velo- 
city and discharge due to a given area and fall, viz. : — 

X X 5280 

/y — — 

60 
'D = sz 



1 Thia does not include the Willowgate nor the Earn. 
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ifliicii X = the mean velocity of the whole section of the stream 

in miles per hour, 
y = a quotient which is found to vary from 0'G5 for small 

streams under 2000 cubic feet per minute, to 0-9 

for large rivers, such as the Clyde or the Tay, 
a = the hydraulic mean depth in feet, 
/= the fall on the surface in feet per mile, 
z = the mean velocity of the whole section of the stream 

in feet per minute, 
I = the sectional area of the stream in feet ; and 
D = the discharge in cubic feet per minute. 

It must 8till be kept in view that the application of 
^y known formula to the determination of the mean 
Velocity and discharge of a river is shown, by experi- 
"lental inqoiry, to afford only a rough approximation ; 
Unless observations are made embracing the velocities at 
different parts of the cross sectional area, in the manner 
already desctibed at page 98. 

In order to render the measurement of discharge fio«u. 
Bseful, care shoidd be taken, when the stream is gauged, 
9 ascertain that it is in a normal condition, by which is 
leant that it is neither dried to its minimum by a long 
rought, or swollen to its maximum by heavy rains. The 
tream in this normal condition is said to be in its state 
' ordinary summer VMter, or at its ordinary summer 
Ktter level, and to be imaffected by long droughts or by 
r rainfall. 

It is obvious that it is not possible to offer any direc- 
ions for determining when a stream is in this normal 
ondition, but it will generally be found that the reai- 
enta on its banks, particularly those engaged in its 
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fishingB, if there be any, can tell when the water is at 
oiiUnai-y summer level. The fluctuations of a river &tm 
its lowest to its highest Btate are excessively capricious 
the ainoxint of flooding which is ascertained to take place 
in different rivers having no constant ratio either to tia 
summer water which they discharge or to the ares 
drained by thera. This, indeed, does not seem surprifililg 
when we consider the very diflerent character, both geolo- 
gically and agriculturally, of the districts through wliicb 
rivers flow. The drainage area in one sitiiiition may 
include large tracts of lull country, having steep and 
scantily soUed elopes, from which the rain is readily dift- 
charged ; in another place it may be flat, or gently rifuig 
deep soiled agricultural land absorbing much of the rain 
that falls, and giving it off only by slow degrees. Other 
districts are more or less affected by their geological fo^ 
mation — some strata being less absorbent than others. In 
others, again, agricultural improvements have an influence 
on the drainage — sheep-grazing land being less absorbent 
than arable land. In rivers which flow from lakea a 
reservoir is aflbrded for the storage of surplus water, 
which checks the floods below. But again, as in the case 
of the Tay, which flows from Loch Tay, a slieet of water 
fourteen miles long and three-quarters of a mile broad, it 
is found that in gales of westerly wind iiccompanied by 
heavy rain the lake water is heaped up at the outlet, and 
greatly increases the flood in the river ; so that even in 
the recurrence of floods themselves there are many cir- 
cumstances which vary their effects, even in the Boma 
district. The heaviest floods in all rivers occvac 
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lavy rain and melting snow, for then the bed of the 

r has, it may be said, to discharge a compound flood 

de up of melting enow and falling rain. 

I The construction of railways in India has afforded in- 

leting mformation as to the floods of the great Indian 

, which are ftiUy discussed in papers by Lieutenant- 

lonel O'Connel,' and Mr. Howden.' The consideration 

f the data thus obtained has suggested various formuhe 

■ calculating the discharge due to a given area, but the 

aiation as to the amount of flood water said to have 

1 discharged from difierent districts of country is so 

wrdant, that it seems to me to be impossible with 

nents so variable to foimd any formula that can be 

nerally useful. 

The quantity passing ofi" during high floods is vaii- 
Bly stated by difierent authorities from 1 foot to 30 
bic feet per minute per acre according to the district 
frhich the observations were made.' But the highest 
r I have ever got was 1 5 cubic feet per acre from a 
1 district of 630 acres, after three days of nearly con- 
huous rainfelL Thunderstorms discharge a very much 
Ibter amount during their short duration. It is stated 
1 Axigust 1846, during a thunderstorm, 33 inches 
t in 2 hours and 20 minutes, being 85 cubic feet per 
inute per acre.* 
' Perhaps the only general result to be gathered from 



WMimMU* o/ Procmli»g» of Iiutilution </ ClPil JSnginetT; vol. iirii. y. 20*. 

* Itid. »ol. xxi. p. 84. "Rainfall ond Eviii«ratiaii," by A. Lcatie, C.E., 
rraiM. ttagal Scot. Sw:. of ArU, toL viiL 

* Pulutacatmty Report on MclropolitaD Muq Dnuntgu, IS58. 
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the published observations relative to floods, is that 
tfie Jlood discJiarge lias a higher ratio to the ordinary dis- 
charge in sjnall tJian in large rivers. This ia due *-eiy 
much to the fact that in a small river a rain-iall affects 
every one of ita feeders, whereas in a larger river the 
influence of the niin ia limited to one portion of the 
district only. If, for example, auch a river as the Miasis- 
aippi were subjected to an increase of its bulk similar t^t 
that of small rivers, the country through which it flows 
would be entirely devastated. The safety of such a 
coimtry is due to the important fact that excessive Bills 
of rain, like hurricanes of wind, while at the height of 
their fiiiy are not wide apread, but act on a compara- 
tively limited portion of the earth's eurfiice. 

Though we cannot, therefore, deduce from data au 

arbitrary any law appUcable to rivers in all districts, we 

are not precluded from dealing with the different sizes ol 

floods discharged from any particular district ; and as it i^ 

sometimes desirable to uncertain by gauging the averwf 

summer flow of a stream, I give the following mode vi 

computing the discharge, exclusive of Jloods, which 1 

ie's been proposed by Mr. Leslie.' " First, the gauginga B 

iTarage all to be set down in a table in the oi-der of their qm 

,uf titles, beginning at the smallest and going on to i 

largest, or vice versa. The whole number of obaervati 

is then to be divided as nearly as possible into ; 

efpial parts ; whereof the lowest fourth is held to i 

prehend the extreme droughts, and the highest the_/ 

' Miniilet of Proettdinst of Institution of Civil Enginort, viJ. j. 
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^^ft average of the middle balf is to be ascertained, and 
^Bbbove that quantity is held to be flood-water. 
^K " A new table is then to be constructed, in which all 
^fc gaugings not exceeding the average of the middle 
^^Vare put down at their actual quantity ; but all above 
^^Baverage are put down as equal to that average quan- 
^^K The average of the whole of the new table is to be 
^^Bidered as being a fair estimate of the water flowing in 
^PE stream, exclusive of floods." 

^L Under Corrents. 

^P I miiat ofler the further caution, that those rules, R^sniM of for- 
^Hbt which the mean velocity is deduced, on the aasump- ^^j* under^ 
^^■l that it bears a constant ratio to the surface velocity, '^'"^'"^ *""'■ 
^^KDot apply in many situations which are within the in- 
^^■nce of the tide. In surveying the Dee at Aberdeen 
^^p8I2, for example, Mr. Robert Stevenson found that, 
Tchile there was an outward upper current of fresh water, 
there was an inward under-current of salt water ; so that, 
although the upper stratum was constantly running to- 
wards the sea, there was a regular rise and faU of the 
surface, produced by the influx of the tidal waters below. 
Another instance of such an Tinder-current, though not 
occasioned by the presence of a river, was found to exist 
in a marked degree at the Cromarty Firth, where Mr. 
Alan Stevenson, in 1837, found currents greatly exceed- 
ing the suHace velocity. 

It is essential in some inquiries to ascertain to what insirumeuufor 

B-scenaining 

depth the currents penetrate, and whether under-currents midsr-currenis. 
wthibit the same phenomena in regard to direction and 
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velocity as those of the siiriace ; and aa these inquiries are 
interesting and important, and have lately been loucli 
discussed in connexion with deep-eea researches, they are 
worthy of detailed notice. 

For small depths the tachometer of Woltmann, wlucli 
has been already described, is a convenient and acciirate 
instrument for measuriDg under-currents. I never used 
it myself for depths exceeding a few feet, but I under- 
stood from Professor Gordon that it has been employed in 
Germany for measuring velocities at great depth, by using 
an apparatus erected on a platform, supported on ti™ 
boats, and that Ilaucourt used it to measure the velocitj 
of the Neva at St. Petersburg, at depths of 60 feet; 
Defontaine the Rhine, at upwards of 40 feet ; and Fuii 
many rivers, at depths of from 40 to 60 feet. But as its 
application under such circumstances may be regardeo 
rather as a purely scientific than as an engineering ex- 
periment, it ia not necessary to describe it in this place. 
The directum of the under-currents, which it is sometimefl 
interesting to know, cannot, however, he obtained hj 
means of the tachometer, and I shall describe the plan for 
obtaining an approximation to both the velocity and 
direction of under-currents, which was devised and used, 
I believe, for the first time, at the Cromarty Firth, ia 
1837, by the late Mr. Alan Stevenson, when he detected 
the tidal anomalies already alluded to. It may be well; 
to expliiin that the waters of the Cromarty Firth pass 
and firom the sea through the narrow gorge between th) 
Suters of Cromarty, where the width is about 4500 feet, 
and the depth about 150 feet. The mean velocity due tfl 
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I the column of water passing this gorge, as deduced from 
the observed surface velocity, was not sufficient to ac- 
cotmt for the quantity of water actually passed during 
each tide, as determined by measuring the cubical capacity 
of the basin of the firth. This led to the observation of 
the under- currents through the gorge by means of sub- 
meiged floats, and it was found that during flood-tides 
the surface velocity was 1 '8 mile per hour ; while at the 
depth of 50 feet the velocity was not less than 4 miles 
per hour, being an increase of 2 '2 miles per hour. During 
ebb-tide the surface velocity was 2'7 miles per hour, and 
at 50 feet it was not less than 4"5 miles per hour, being 
an increase of 1 "8 mile per hoiu-. The instrument by under-cari 
which these velocities were measured consisted, as shown c* 
in figure 16, at letter a, of a flat plate of sheet-iron. 




I 
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measuring 12 by 18 inches, having a vane made of the 
same material, and measuring 4 feet in length, fixed at 
right angles to the centre of it. The lower edges of 
the plate and vane were loaded with bars of iron, for 
the purpose of causing the instrument to sink to the 
requisite depth ; and it was so slung by the cords 



118 INLAND NAVIGATIOS. 

suapending It ob to preserve tlie anr&oe of the plate in a 
vertical plane. This apparatiis was secured by a cord of 
sufficient length to sink it to the required depth, and the 
whole was attached to a tin buoy, letter b, which floated 
on the surface, its form being such as to produce little 
resistance to its passage through the water. The buoy 
served not only to preserve the vane plate at the same 
depth, but also indicated its progress through the wat«r 
in a very satisfactory and often interesting maimer. 

The plate, sunk at the depth of 50 feet, when acted 
upon by the force of a strong nnder-current, was hurried 
along, carrying the buoy, which floated on the sur&ce, 
along with it, as shown by the buoy passing the floata 
thrown out on the water as gauges of the velodty of 
the upper current, one of which is shown at c. The 
only precaution to be observed in making such observa- 
tions, is to exclude that part of the conunencement of the 
buoy's course, which is more rapid than it ought to be, 
owing to the effort made by it to overtake the plate, 
which, being sunk first, has been influenced by the velo- 
city of the under-current before the buoy haa beett 
launched. It is evident that, by means of this simpla 
apparatus, we can approximate to the direction as weJl as 
to the velocity of under-currents ; but it must be kept 
in view that there are several deranging Influences in 
operation, which tend to render the results obtained 
merely approximations to the truth. 

Since I fii-st described these Cromarty Firth obser 
vationa in 1842, many efforts have been made to ascortail 
the existence and strength of under-currents, 
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Measra. Carpenter and Jefl5^ys, in 1870, when engaged under-current 
in their deep-sea researches in the " Porcupine survey- cieep-«e» 
iog ship, endeavoured to ascertain the state of the under- 
currents at the Straits of Gibraltar,^ The apparatus 
adopted by them for this purpose was arranged by Cap- 
tain Calver, and was identical in principle with that em- 
ployed at the Cromarty Firth ; the only difference being 
that the under-current float was composed of a basket, 
with pieces of sail-cloth fixed to it, and 3o disposed as to 
catch the current. The float was weighted with lead, 
and the cord by which it was suspended, instead of being 
attached to a float as at the Cromarty Firth, was fixed to 
a boat, the drifting of which indicated the force and 
direction of the under-current. It does not appear that 
more than one or two observations were made with this 
itiatrument. 

Captain Spratt, who has made several observations undpr-inrreni 



Dardanelles, in a paper on the under -ciirrent theory of 
the ocean, in the Proceedings of the Royal Society^ states 
the following as the plan he adopted: — "I never at- 
tempted such experiments by the use of any bulky object, 
such as a boat that ofiered great resistance to the surface 
current. I felt too that a fixed object, as a point of refer- 
ence, was always necessary, such as a buoy or float 
attached to a sinker actually on the bottom. Such 
obeervations for testing ocean currents should only be 
I connexion with a fixed object attached to the 

t Dnp-tra Jtrtrnrcliei, in July, August, and September 1870, liy 
tCaJTaotor, M.D.. F.R.S., and J. Gwyn JefTreys, F.R.S. 
fdli>gi n/lhe Royal Sodtly, 1B71, \>. 528, 
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bottom, whether in 2000 or 20 fathoms." The float 
which Captaiu Spratt, after experience, found to aasma 
best, was one of thin copper or block-tin, suspended lib 
a kite, his observations being in this respect the same u 
those at the Cromarty Firth, while the boat which was 
moored at the Cromarty Firth, in oi-der to obtab tJie 
relative speeds of the surface and under current floata, 
fulfilled the object of his buoy moored with a sinker. 
irt^inent Mr, Heuiy Mitchell, of the United States Coasl 

MitcheU. Survey, describes an instrument used by him for that 
purpose. It consisted of a tin cylinder, a few inches in 
diameter, and long enough to reach from the surface 
nearly to the bottom. Tubes 40 feet in length were 
used for this purpose. They were 3 inches in diameter, 
made in separate sections, air-tight, but with stop-cocka 
for letting in water, that they might be practically filled, 
Bo as to sink to the proper depth. As the tube drifted 
nearly upright in the water, with its top protruding a 
few inches above the surfece, its velocity indicated the 
mean motion of the stream. If it leant backwarda ot 
forwards, it showed that its foot rested on a stratxim that 
had greater or leas motion than the surface drifl ; and 
if its angle of direction differed from that of the surface 
log, the action of an under-ciurent was recognised, whose 
course was at variance with that of the surfece drift. 

Mr. Mitchell also says, that very good " results have 
been obtained by using two hollow copper globes of 3 feet 
diameter each, connected by ^ inch wire rope. The sink- 
ing globe is fiUed with water, but the other is loaded oiJy 
enough to sink nearly to its pole. The upper glolKi J 
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l line secured to it, and its motion is recorded at 

time that an observation is made with the 
e log, like the compound float used by Dr. Anderson 
B Tay, as described at page 99. 
Mr. Mitchell says, "Let us suppose that the two 
^ahes present equal effective areas (great circles) to the 
I in which they swim, then their velocity will be a 
B mean of the rates of the sur&ce and under currents ; 
' \{^'^lf) where x and y represent respectively these 
The velocity of the under-current may therefore 
I found by subtracting the surface rate from twice that 
if the connected globes." 

This formula no doubt gives the mean for the veloci- 
lioH of the two strata In which the balls are floating, and 
li would give the mean for the whole column of water, 
jijovided there is a regular gradation between these two 
tkserved velocities, but it does not provide for any in- 
tfjuallty of velocity, or for any anomalous velocity, such 
iL^ has been stated to exist at the Dee and the Cromarty 
Firth. This objection might perhaps to some extent be 
removed if it were practicable to suspend balls similar to 
those used by Mr. Mitchell, at short intervals on the 
wire rope. But for engineering purposes, the object of 
ascertaining the under-cun-ents has, in my experience, 
always been to calculate the discharge ; and it is obvious 
that for this pui-pose we must determine the thickness 
of the different strata moving at different velocities, so 
Mt to ascertain the different sectional areas to which the 
ijocities apply, and this not at one but at several points 
on the cross section of the channel or passage through 
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which the current was flowing. Until we have i 
method of aacertaimng the velocities at diflerent depths, 
and the sectional areas corresponding to these velodties, 
it is not possible to arrive at the discharge, and all obser- 
vation on the strength and duration of imder-currenta 
must be regarded by the engineer, in making calculations, 
to be simply approximate. 

The remarkable under-currents of the Cromarty Firti 
are mainly, if not altogether, due, I believe, to the con- 
figuration of the bottom, and the circiunstances under 
which the tidal wave approaches and recedes from the 
shore. A powerful oceanic under-current during flood- 
tide in a stratum of water of high specific gravity and low 
temperature, setting dead along the coast, would natur- 
ally creep along the rising bottom of the sea, and flow 
into the deep uilet of the firth, mingling imperfectly with 
the surrounding water, maintaining its character of a dis- 
tinct stream, and increasing the under-velocity of tlie 
flood-tide; and if we suppose a similar rapid coimter- 
current to sweep along the coast at ebb-tide, its tai- 
dency would be to draw off" the lower stratum of densel 
and colder water, and thus to increase the velocity i 
or near the bottom during ebb-tides. Of the existeno 
of such distinct ocean currents, some at great depth 
and others superficial, maintaining their character, i 
mingling slowly with the surrounding ocean, there ai 
many striking examples ; among others, the suriaca 
current of the Gulf Stream, which, flowing from ' 
Gulf of Mexico, skirts the coast of the United State 
and can be traced as a distinct body of water by i 
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I of temperature aa far aa the banks of New- 
In the month of July I found the tempera- 
tare of the sea, as tested at various points between the 
iiore of America and the edge of the Gulf Stream, to 
arcrage 00° Fah. ; while in lat. 41° N., long. 61° 52' w., 
the vessel being in the track of the Gulf Stream, the 
tempOTature of the water was 70°. After leaving the 
InflaeQce of the Gulf Stream, the temperature within 
a few hours' sail fell to 60°, which was the average of 
tlie observations made diuing the remainder of the voy- 
age to the English Channel, ascertained as accurately as , 
the facilities granted to a passenger by a packet-ship 
permitted. 

The cause of ocean currents is obscure. They no Cause 
doubt are occasionally caused or increased by gales of 
Kind. But, as I pointed out in the first edition of this 
book, no current can be generated without a difference of 
head, which again may be produced either by a difference 
pf level in water of the same density, or by a difference 
f specific gravity in columns of water of the same height, 
rhe examples I have given of the dift'erences of levels 
ousting in rivers and estuaries at certain states of the 
tide, afford sufficient proof of the existence of currents 
from that cause. It is not unusual to employ the ex- 
Jiression indraught, to describe the flow of water into a 
bey or creek, and to hear it used so as almost to imply 
he existence of some inherent attraction in the bay or 
creek for the water which flows into it. But the flow of 
water in all such cases is caused by the pressure due to 
Ufference of level or density, or both combined ; and when 
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the bay or creek gets filled up, and its surface att^Ds 
a sufficient height to balance the pressure of the aouwe 
of its supply, or the momentum of the mo^-ing coluiaa of 
water where converging shores cause the level of Uie 
water to riae, the indraught disappears. 

Density op Salt and Fresh Water. 

Before leaving this part of the subject, however, I miut 
say somethiug more as to the separation of the under 
from the svperjicial strata of water, and explain that 
other species of disturbance which is due to the different 
density of salt and fresh water. 

The first observations on this subject to which I shall 
refer were those made by my father on the river Dee, 
diflBnntdeptin, in Aberdeeiishire, in the summer of the year 1BI3, 
when engaged in surveying that river in reference to a 
salmon-fishing case,' "He observed in the course of lui 
survey that the current of the river continued to flow 
towards the sea with as much apparent velocity during 
flood as during ebb tide, while the aiu^ace of the 
rose and fell in a regular manner with the waters of t2u 
ocean. He was led from these observations to inquire 
more particularly into this phenomenon, and he accord 
ingly had an apparatus prepared, under his directions, af 
Aberdeen, which, in the most satisfe^tory manner, ahowe( 
the existence of two distinct layers or strata of water 
the lower stratum consisting of salt or sea water, and th( 

' Report to the Ekrl of Aberdeea •□<! the other Pmprielora of the " Baik 
and " Stell " FUhio^ of the Btver Dee, at Aberdeen, by Robert StcvsiwMi 
avil Engineer, Edinburgh, Feb. 1813; And Storensoa'* BtUtlotk LighHumn 
p. 79. 
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r one of the fresh water of the river, which) from its 
ecific grarity being leas, floated on the tc^ dxiring the 
; of flood as well as ebb tide. The apparatiia eon- 
1 of a bottle or glass jar, the mouth of which mea- 
I about 2^ inches in diameter, and was carefrilly 
I with a wooden plug, and luted with wax ; a hole, 
mt half an inch in diameter, was then bored in the 
, and to this an iron peg was fitted. To prevent 
Kident in the event of the jar touching the bottom, it 
s coated with flannel. The jar so prepared was fixed 
J a spar of timber, which was graduated to feet and 
Indies, for the conveniency of readily ascertaining the 
depths to which the instrument was plunged, and from 
«liich the water was brought up. A small cord was at- 
tached to the iron pin for the purpose of drawing it at 
pleasure for the admission of the water. When an experi- 
ment was made, the bottle was plunged into the water ; 
r drawing the cord at any depth within the range of the 
1 to which it was attached, the iron peg was lifted or 
and the bottle was by this means filled with 
The peg was again dropped into its place, and 
s apparatus raised to the surface, containing a specimen 
f water, of the quality at the depth to which it was 
In this manner the reporter ascertained that 
It, or tidal water of the ocean, flowed up the chan- 
\ the river Dee, and also up Footdee and Torrybum, 
, distinct stratum next the bottom and under the 
water of the river, which, owing to the specific 
nty being less, floated upon it, continuing perfectly 
, and flowing in its usual course towards the sea, the 
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only change discoverable being in its level, which \ 
raised bj the salt water forcing ita way under it. 
tidal water so forced up continued salt, and when j 
specific gravities of specimens from the bottom, obta 
in the manner deecribed, were tried, and compared n 
those taken at the surface, by means of the i 
hydrometer of the brewer {the only instrument to wJ 
the reporter had access at the time), the lower strata 
when compared with that at the surface, was always torn 
to possess the greater degree of specific gravity due to suii 
over fresh water. " 

The instruments now used for obtaining water frnm 
different depths are more perfect in their construction 
than the original instrument used for that purpose at iLi' 
Dee, which was made for a temporaty purpose. Varii'ii- 
constructions have more recently been tried for experi- 
raenting on this subject, by Scoresby, Sabine, Dr. Maiwt, 
and others, but for ordinary engineering inquiries 1 can 
confidently recommend the instruments I am about tn 
describe, which I have termed hydrophores, and luni 
extensively employed in engineering surveys. 

Fig. 17 represents a hydrophore used for procui 
specimens of water from moderate depths, drawn oni 
scale of one-tenth of the full size. It consists of a tis 
tin cylinder, letter a, having a conical valve in its tt^l 
which is represented in the diagram as being raised i 
the admission of water. The valve is fixed dead, or i 
moveable, on a rod working in guides, the one i 
between two uprights of brass above the cylinder, and 1i 
other ill its interior, as shown in faintlv dotted 
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^e valve-rod is by this means caused to move in a truly 
rtical line, and the valve attached to it consequently 
B or closes the hole in the top of the 
Knder with greater accuracy than if 
b motion was undirected. A graduated 
J or rod of iron, c, which in the dia- 
gram is shown broken off, is attached to 
the instrument, its end being inserted 
into the araall tin cylinder at the side of 
the large valve or water cylinder, and 
there fixed by the clamp screws shown „ 
in the diagram; the bottom of the water 
cylinder may be loaded with lead to any 
extent required, for the purpose of caus- 
ing the apparatus to sink ; but this, 
when an iron i-od is used for lowering it, is hardly neces- 
sary. The spindle carrying the valve has an eye in its 
upper extremity, to which a cord is attached for the pur- 
[Kjse of opening the valve when the water is to be ad- 
mitted, and on releasing the cord, it again closes by its 
own weight. When the hydrophore is to be used, it is 
lowered to the required depth by the pole which is fixed 
to its side, or if the depth be greater than the range of 
the jK>le, it is loaded with weights and let down by means 
■ .f a rope so attached as to keep it in a vertical position. 
Care must be taken, while lowering or raising it, that the 
small cord by which the valve is opened be allowed to 
bang perfectly free and slack. When the apparatus has 
been lowered as far as is required, the small cord is 
pulled, and the vessel is immediately filled with the water 
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which is to be found at that depth. The cord being Uu 
thrown slack, the valve descends and closes the opening 
and the mstrument is slowly raised to the aurihce b 
means of the rod or rope, as the case may be, care beiflj 
taken to preserve it in a vertical position. This app 
ratus is only applicable to limited depths, but will gene- 
rally be found to answer all the purposes of the ciril 



The form of hydrophore represented in fig. 1 8 is uaed 
I deep water, to which the small one just described 
inappUcable. It consists of an egg-ebf^) 
vessel, letter a, made of thick lead, to give tie 
apparatus weight, having two valves, b and 
one in the top and another In the bottom, both 
opening upwards ; these valves (which are re- 
presented as open in the diagram) are, to insurt 
more perfect fitting, fixed on separate spindles, 
which work in guides, in the same manner aa in 
the instnunent shown in fig. 17. The valva, 
however, in the instrument I am now describing, 
are not opened by means of a cord, but by tba 
impact of the projecting part d, of the lower 
spindle on the bottom, when the hydrophore is sunk to 
that depth. By this means the lower valve is forced 
upwards, and the upper spindle (the lower extremity 
which is made nearly to touch the upper extremity of t! 
lower one, when the valves are shut) is at the same tim 
forced up, carrying along with it the upper valve whid 
allows the air to escape, and the water rushing in fills th 
vessel. On raising the instrument from the bottom boU 
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i again shut by their own weight and that of the 
of lead d, which forms part of the lower spindle, 
mode of using this hydrophore is sufficiently obvious ; 
lowered by means of a rope, made fest to a ring at 
top, as is shown in fig, 18, until it strikes on the 
Xiao, when the valves are opened in the manner 
described, and the vessel is filled ; on raising it the valves 
lose, and the vessel can be drawn to the surface without 
contents being mixed with the superincumbent water 
which it has to pass. This instrument weighs 
il<out half a hundredweight, and has been easily used in 
ti"'»m 30 to 40 fathoms water in making engineering 
siiiveys, and could no doubt, if necessary, be employed 
fi)i' much greater depths. It is represented in the cut on 
'I scale of one-twentieth of the full size. 

The hydrophore employed by the Scientific Exploror- eydropiiore 
turn of the Deep Sea, in 1870, was suggested by the eiiiiomtiom. 
Iiydrographer to the Admiralty, and consisted of a strong 
cylinder of brass, 26 Inches long and 2'3 inches diameter, 
lii'lding about 60 oz. of water in the disk which closes it ; 
it each end there is a circular aperture, into which a 
Tiical valve is accurately fitted. While this bottle is 
' scending through the water with the sounding appar- 
irus the valves readily yield to the upward pressure, and 
;i continuous ciurent streams through it, but so soon as 
die descent is checked, either by the arrival of the appar- 
at the bottom, or by a stop put on the hnes from 
'e, the valves fall into their places, and there enclose 
tlie water that may fill the bottle at the moment. The 
working of this siinple apparatus waa foimd to be entirely 



Bubovt 



130 INLAND NAVIGATION. 

BatiB&Gtoiy, It is obviouB however that the deep-water 
hydrophore would not be found bo useful for the smaller 
depths reqxiisite in enguieering surveys as the two forms 
of the instrument which I have described and used anee 
1843.' 

Dr. Marcet, in a paper on the specific gravity of s^ 
•waieT, ia the Philosoj)hical Transact iojis (oT 1819, describea 
an instrument he used for obtaining water from the 
bottom, consiHting of a cylindrical vessel with an aperture 
at either end fitted with valves opening upwards. These 
valves when closed were secured by springs, but were so 
made as to be kept open by a weight acting on the 8p^iIlg^ 
and suspended below the vesseL When this weight 
touched the bottom the springs were reUeved, and el-wed 
the valves, which remained shut, and enclosed the speci- 
men of water. I do not think however that this arrange- 
ment is so simple as that shown in the preceding figore, 
which, as used in moderate depths, I never foimd to feiL 
In all these experiments, the water being emptied 
into bottles, is corked up, sealed, and labelled with 
certain numbers, which should be entered in a book con- 
taining remarks as to the place of observation, time ol 
tide, and such other particulars as, from the nature of th( 
inquiry, seem to deserve notice, and the water thus prft 
served may be subjected to analysis. 
,( The appearance of fresh or brackish water floating <M 

the surface of the sea, aa described at the Dee at Abei 
deen, is no doubt familiar to most observers. It occul 

PrclimiDBry Report of tba Scicatifla Explorntion of tha Deep K«a, b; ' 
J. Gwyn JcflrejB, F.R.S., and W^ille TbomsMi, LUD., I8T0- 
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indeed more or less at the mouths of all rivers, being most 
apparent when they are in flood, from the browner tinge 
^voQ to the water, which is sometimes discoloared many 
miles at sea. Father Manuel Kodriguez, a Spanish 
Jesuit, speaking of the Amazon, says' — " This river is like 
t tree ; its roots enter &r into the sea, as into the land. 
It commiuucates to it a £avour, so that at 80 leagues 
within the sea its waters are seen, and taste sweet, and 
in a Bcmi<nrcle of 100 leagues in circumference they ibnn 
a golf not the least degree brackish, so that sailors call it 
tie fresh sea," — a statement which might almost seem 
incredible, had not Sir Edward Sabine, in 1827, found 
something which goes far to bear out the correctn^s of 
tlie Spaniard's account, and which he describes in the 
fcllowing words : — "At 10 A-Bl on the 10th of Septem- 
ber, whilst proceeding in the full strength of the ciurent, 
exceeding, as already noticed, 4 knots an hour, a sudden 
find very great discoloration in the surface-water ahead 
was reported from the mast-head, and from the very 
ipid progress which the ship was making was almost 
immediately afterwards visible from the deck. Her posi- 
ion in 5° 08' north latitude, and 50° 28' west longitude, 
kufiBciently apprised us that the discoloured water which 
were approaching could be no other than the stream 
the river Amazon, preserving its original impulse at a 
distance of not less than 300 miles from the mouth of the 
river, and its waters being not yet wholly mingled with 
those of the ocean of greater specific gravity, over the 
mr&oe of which it had pursued its course. 

I El Maranam y AnmMWU. Madrid, 1664, p. IS. 
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" We had just time to secure some of the hlue waler 
of the ocean for subsequent examination and to ascertain 
its teraperature before we crossed the line of ita separa- 
tion fix)in the river-water, the division being as distinctly 
preserved as if they had been different fluids. 

" The direction of the line of separation was s.w. hj 
N., rather northerly ; great numbers of gelatinous marine 
animak, species of the genua Physalia, were floating on 
the edge of the river-water, and many birds were fisbinf 
apparently on both sides of the boundary."' 

I have occasionally seen these brownish-coloured 
patches at a considerable distance from the coast, and ou 
one occasion, in the Pentland Firth, on drawing a bucket 
of this brownish water, and comparing it with that of tbe 
sea after passing through the patch, it was foxmd to be 
distinctly ftrociisA. It is well known to the crews fl 
"welled" smacks employed in cod-fishing on our ( 
that they invariably lose a portion of their live stockJ 
they happen to encounter what they term a 
which is believed by them to be a brackish portion S 
the sea, caused, no doubt, by the Imperfect mixture i, 
the fresh water discharged from rivers. 

In subjecting waters for examination to ascertain t 
proportion of fresh and sea water, two methods i 
be adopted — first, by taking their specific gravity; ( 
secondly, by evaporating a certain quantity, and 
taining the amount of saline matter left. The result n 
in either case, be to some extent afiected by the quantifl 
of vegetable matter in suspension, but it is sufficiend 
' PMotvfthkal Slagax'mr, rol. IxriL 
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accurate for most engineering inquiries. The specific 
gravity test is the most convenient, and that which 
is generally adopted, the specific gravity being taken 
with an ordinary hydrometer ; the standard employed 
is distilled water when at the temperature of 62** Fah- 
renheit as 1000. Dr. Marcet says that in general the 
waters of the ocean, whether taken from the bottom or 
the sur&ce, contain most salt in places where the sea is 
deepest and most removed from land, and in his tables of 
experiments he gives the specific gravity of some ocean 
samples as high as 1030*9. From various observations, 
inade at different parts of our coasts, I am disposed to 
state the specific gravity in these localities at 1026. I 
have found that in any experiments made in our rivers 
and estuaries the densities varied from 1000 to 1026, 
and occasionally during flood-tide the difference in specific 
gravity between the surface and bottom is very striking, 
as pointed out in Mr. Stevenson's experiments of 1812 at 
Aberdeen. 



CHAPTER VI. 

THE "RIVER proper" COMPARTMENT. 

Sizes of riven proportional to the extent of country drained — ^The Misainippi in 
example of a large river — Description of its navigation, cllrrenti^ and dii* 
charge — Works proposed for its improvement — Means osed for rendering tbe 
upper portions of small rivers navigable, by stanches, dams, and locks—Im- 
provements of upper portions of Continental rivers, such as the Bhine tfd 
Danube. 

In foUowing out the division of the subject proposed 
at the conclusion of Chapter III., I have, in treating of 
rivers, to consider in the first place what has been termed 
the upper or " river proper " compartment. And as re- 
gards the use made of such streams for the purposes of 
navigation, or the works calling for the engineer s assist- 
ance to render them navigable, there is not much to refer 
s of rivers to in this countrj. The magnitude of a river and its use- 
extent of fulness for navigation may be said, imder certain condi- 

itrv 

aed. tions, to be proportional to the extent of country which is 

drained. Thus in continents we find rivers of great 
magnitude, fed by the drainage of vast tracts of surround- 
ing land, roUing their contents in a broad, deep ciurent 
to the ocean, and affording a highway for vessels of the 
largest class to piu^ue their course for hundreds of miles 
into the interior of the country. Of such is the Mississippi, 
which maintains, for a distance of nearly 1200 miles 
above New Orleans, an average breadth of 3300 feet, and 
a depth of 115 feet. The Ohio, which joins it at this 
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i 13 navigable to Pittabiiigh, where I bave seen from 
f to forty iarge-Bized steamers lying at the quays of 
bat truly inland port, ■which were all engaged in trading 
( New Orleans, on the Gulf of Mexico,' being a river- 
kvigation of upwards of 2000 miles. 

In considering the improvement or maintenance of 

h a navigation as this, the engineer has to deal chiefly 

b the control of the enormous body of water which it 

Hia difficulty does not consist in deficient 

1 or breadth of navigable channel, but in the magm- 

e of the floods with which he has to contend, and the 

revision he has to make for retaining them within such 

nita as to secure the safety of the surrounding district. 

In less extended tracts of country than the valley of 

the Mississippi, the rivers are proportionally smaller ; and 

1 we come to consider our own island, we find that its 

I and drainage are only sufficient to supply streams of 

9 smaller class. 

The Mississippi. 
The Mississippi is the moat gigantic river-navigation 
i the world, and some facts as to its navigation, taken 
1 the elaborate report of Mr, Charles Ellet,' which was 
de to the Government of the United States, cannot faU 
t the engineer, and will not, I am siire, be con- 
bred out of place in this work ; for, although they can- 
t be said to apply to British, or even Continental rivers, 
tey will at least best serve to show by comparison the 
8 of our own rivers when I come to speak of them. 



■Jek of CivU Engiarering of A'or/A A mrriea. liy David Steveii 

la MUnt^ppi <tnd Ohio Rivm, by Charles EUlet, PliilMlelpluA, 1853. 
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It appears, from the infonnation g^ven in Mr. 
work, that the MisaiaBippi varies fi«m 2200 to 5000 feet 
in width, the average width being assumed as 330() 
feet It is from 70 to 180 feet in depth, the average 
being 115 feet. The area of the cross section varies from 
105,544 square feet to 268,646 square feet, the average 
being 200,000 square feet. The length, from its jimctiou 
with the Ohio to the Gulf of Mexico, is 1178 miles, 
and its average fall at frill water is 3^ inches per milo, 
and in absence of floods (or during summer and autumn) 
2^^ inches per mUe, The length of the Ohio, from ite 
junction with the Mississippi to Pittsburgh (the head of 
the navigation for large vessels), is 975 miles, and the 
average inclination is about 5 J inches per mile. From 
Pittsburgh to Olean Point, the head of the navigation for 
small vessels, the distance is 250 miles, and the indiia- 
tion 2 feet 1 inches per mile. When the water ia high, 
even steamboats have ascended to Olean Point, whidl is 
2400 miles from the Gulf of Mexico; and in doing so, 
have had to overcome a current which at some places 
runs with a velocity of 5 miles per hour. Generally 
speaking, vessels have no ditEculty, in the lower or more 
open part of the stream, in avoiding the strength of the 
currents by keeping in-shora But in the Ohio much in- 
convenience is felt during dry seasons from the currents 
at certain parts of the river ; and I have seen a Bteamei 
unable to overcome them untU assisted by a warp attachec 
to an anchor dropped ahead of the vessel, in the middia 
of the channel, by which, after considerable detention, aha 
was "warped through the rapid;" there are no 
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Bhoais, however, in the Mississippi, nor indeed helow 

Louisville on the Ohio. The discharge of the Mississippi 

ia ooraputed by Mr. EUet, at high water, at 1,280,000 1 

cohic feet per second ; and its drainage he estimates at J 

1,326,600 square miles. When the autumnal rains eet 

in, the river riaes above its summer level to the enormous 

extent of about 40 feet at the mouth of the Ohio, and 20 j 

feet at New Orleans. In investigating the physical char- | 

acteristLcs of this mighty stream, Mr, Ellet found — 1st, 

That the average surfiice velocity in the centre of the I 

river was 5 milea per hour, and occasionally the speed 

reached 7 nules per hour ; 2il, By using under-cmreut 

floats, he found that the speed of a float, supporting a 

line of 50 feet long, was always greater than that of the 

surface float — the average increase of velocity being 2 per 

cent. ; 3d, The results of the esperiments made lead hxm 

lo conclude that the mean velocity of the Mississippi ia 

about 2 per cent, greater than the mean surface velocity ; 

ilh. In coming to this conclusion, no account is taken of 

such observations as show remarkable under-currents, the 

velocity of which were in some places found to he 17 per 

cent, and 20^ per cent, greater than the surface velocities ; 

5lh, While the maas of water which the channel of the 

Mississippi bears is running downwards with a central 

velocity, the current next the shore is sometimes found 

to be running upwards, or in the opposite direction, at 

the rate of 1 to 2 miles per hour ; G(/i, While the water 

is running downwards in the one side of the river, it is i 

often found with an appreciable slope, and visible current 

running upwards on the other side of the river ; 7th, The I 
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surfiice of the river is therefore not a plane^ but a pecu- 
liarly complicated warped sur&ce^ y^jrjmg from point to 
pointy and inclining alternately from side to side. After 
considerii^ aJl the conflictiBg resulte derived from his 
investigations, Mr. Ellet, in order to obtain the mean 
velocity and discharge of the river, employed the formula 
as already noticed : — 

M = 0-8 V 
Ma = D 

where V = the velocity of central surface current in feet per 

second, 
d = maximum depth of river in feet at place of observation, 
/ = slope of surface in feet per mile, 
M = the mean velocity in feet per second, 
a = area of cross section of river in feet, 
D = discharge of river in cubic feet per second* 

In discussing the various formulae for velocities and 
discharges, we have already seen, at page 109, that the 
formula applied to the Mississippi by Mr. Ellet does not 
apply to such rivers as the Tay, or to smaller water- 
coiu^es ; and, indeed, untU the result which he has given 
has been compared with the discharge obtained by actual 
measurement of the velocities at different parts of the 
cross section, we do not think that the discharge of the 
Mississippi, which has been calculated by Mr. Ellet, can 
be relied on as accurate. 

The " peculiarly warped " form assumed by the sur- 
face from side to side and from point to point of the 
water, is an interesting feature, which renders any 
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of the discharge exceedingly difficult, and may, 
be accounted for on the " principle of the con- 
ition of forces," which is more fiUly noticed in the 
T on tidal rivers. If we can imagine an upright 
wall opposed as a barrier across the column of water 
moving down the Mississippi, so as to arrest its progress, 
the surface of the water would not rise equally against 
tie lace of the wall or barrier from side to side of the 
river. The rise or elevation of the surface would be 
bighest when the momentum of the water was greatest. 
Thiia, for example, in a bridge the water rises highest on 
the cut-waters of those piers which stand in the greatest 
depth and strongest current, and so at the Mississippi the 
column of water, though not stopped by a solid obstruc- 
fion, is nevertheless opposed by numerous contractions, 
ilinipt bends, and islands causing the surface to rise un- 
tiqualiij, and thus to generate counter or side currents 
and all the disturbance due to unequal pressure which 
Mr. Ellet describes. 

The chief object of the investigations made by Mr. 
[et was the prevention of floods, which have recently 
both in number and extent. This he attributes — 
;, To extended cultivation, by which evaporation 
(osed to be diminJahed, the di-ainage increased, and 
floods hurried forward more rapidly into the countiy 
tow. 
Second, To the extension of the embajikments along 
banks of the Mississippi and its tributaries, by which 
that was formerly allowed to spread is now con- 
o the channel of the river. 
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Third J To what are termed cut-oflfe, or straight cuts, j 
by which the distance is shortened, and the slope and 
velocity increased, so that the water is brought down 
more rapidly from the country abova 

Fourth^ To the gradual extension of the delta into the 
sea, so as to lengthen the lower course of the river, to 
HiTninifth the slope and velocity, and thus to throw bad 
the water on the land abova 

The works suggested for protecting the countiy 
against floods are — 

Firsty More sufficient embankmenta 

Second, The prevention of further cut-oflfe, or worb 

for straightening the upper parts of the tributaries of tie 

river. 

Third, The enlargement of the seavrard channels or 
outlets. And 

Fourth, The creation of large artificial reservoirs, by 
placing dams across the outlets of the lakes or distant 
tributaries, so as to compensate for the loss of the natural 
overflow of the water, which is checked by the embank- 
ments for protecting the country in the lower part of the 
river. 

I am not aware whether any of Mr. Ellet's sugges- 
tions have been carried out. 

His report had reference chiefly to the question of 
dniinage, — iin important one in a district where the flood- 
watera of the river attain an elevation considerably higher 
tlum the adjoining country. Mr. EUet says that the river 
carries at all times a vast amount of earthy matter, which 
the current is able to carry forward as long as the river is 
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t to ite dannel ; but when the water overflows its 
embankments, it depoaita the particles in sus- 
non on either side, leaving the heavier matter nearest 
he river ; consequently the borders of the river, which 
Mve tlie first and heaviest deposit, are raised by suc- 
pnve floods above the general level of the delta, and 
jly assume a cross section similar to that shown 
Ig. 19, where the horizontal dotted line shows that the 
1 of the river is higher than the level of the land 
wther side. Mr. Ellet gives this as an average section, 
ined from a number of surveys made at the lower part 




of the delta, and states that the land is from 1 8 to 20 feet 
lower than the river. 

The Mississippi and its tributaries drain the whole of 
(he North American continent, which extends from north 

■ south between the Great Northern Lakes anil the 
' iulf of Mexico, and from east to west between the ranges 
uf the Alleghany and Rock Mountains. These fertile 
valleys include nine of the United States of America. 
T\\e geological formation of the country shuts up this 
immense tract of land from any direct commmiicatioii 
with the seas which wash the eastern and western coasts 
of Uie continent ; for if we tmce upwards in their courses 

L many hundred miles through the eastern States, these 
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Dom^vas large navigable rivers wliich discharge Uxta U 
Atlantic, we find them holding the character of streanifcti 
long before we penetrate even to the lange of these fertfl 
valleys ; and on the western coast of the country til 
range of the Bocky Mountains, extending along the Aon 
of the Pacific, presents an insurmountable barrier to an; 
direct water-communication with that ocean. The Miau 
cdppi, however, and its numerous tributaries, 
perfect and easy access to the remotest comer of tha 
regions. The source of the river is said to have Iw 
discovered, in the year 1832, to the westward of tl 
Great Lakes, at the distance of about 3000 miles &um til 
Gulf of Mexico, and at an elevation of about 1500 fi 
above its surface. The river flows from its source a 
small stream, and gradually gathering strength, 
over the falls of St. Anthony, after which at every fltt 
of its couiBe it gains acces^ons of strength from I 
numerous small rivers that pour in their tributary stTMai 
from all directions, until it is joined by the great Miseoul 
The character of its water, formerly dear and tnuiquil, i 
here completely changed, and the combined streaina ( 
two rivers flow on in a deep and muddy current. Th 
Ohio, the Arkansas, the Red River, and many other laq 
streams, fell into this giant of rivers, which, swelled \ 
the waters of Its various tributaries, at last poure in* 
the Gulf of Mexico.' The aggregate length of tho vario 
tributaries of the AOssissippi has been computed to 
upwards of 44,000 miles. 

But leaving the class of giant rivers, of which U 
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wippi is a type, and wliich, without the help of mmms used to 
I works, afford ample width and depth for ex- npi>or porUom 

of BritiBh riTB 

lines of navigation, we shall consider the means naviBnbiB. 
for rendering the upper portions of the smaller 
class of rivers navigable. 

Telford says,' " A river, in its natural current, ia more 
or less deep from circumstances which need not here be 
described, and its navigation ia usually impeded by shal- 
lows and rapids — inconvenienciea which the ingenuity of 
man has striven to overcome, ever since his boats became 
too large and too heavy for portage, as is still in use for 
conveyance by canoes in the North American fur-trade. 
The first expedient which occurred was to thrust the boat 
M nearly as possible to the rapid, and having well fas- 
fpned her there, to await an increase of water by rain ; 
I rl this was sometimes assisted by a collection of boats, 
liieh, by forming a kind of floating dam, deepened the 
iter immediately above, and threw part of the rapid 
1 1 -hind themselvea This simple expedient was still in 
firactice at Sunbmy, on the river Thames, since the be- 
s^inning of the present century ; and elsewhere the custom 
<•[ building bridges almost always at fords, to accommo- 
ikite ancient roads of access, as well as to avoid the diffi- 
culty of founding piers in deep water, afforded oppor- 
tiiuity for improvement in navigating the rapid formed 
by the shallow water or ford ; for a stone bridge may be 
formed into a lock or stoppage of the river by means of 
(tianeveTBe timbers from pier to pier, sustaining a series 
IxHirds called paddles, opposed to the strength of the 
' Telford's £../«, p. 67. 
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current, as was heretofore seen on the same river Than 
where it passes the city of Oxford at Friar Bacon's Brid 
on the road to Abingdon. Such paddles are there 
use to deepen the irregular river channels above tl 
bridge ; and the boat, or collected boats, of very conaiill 
able tonnage, thus find passage upwards or downwai^ 
a single arch being occasionally cleared of its paddles 
afford free passage through the bridga" 

Sir William Cubitt also says, there were thiiia 
old stanches, as they were called, on the Stour, in 
These consisted of two substantial poets, which wei 
fixed in the bed of the river at a sufficient distance apa 
to permit a boat to pass easily between them, and c 
nected at the bottom by a cross cill. Upon one of tJi 
posts was a beam turning on a hinge or joint, and 1 
enough to span the opening. When the " standi" 
used, the boatman turned the beam (which was all 
the level of the water) across the opening, and pla 
vertically in the stream, a number of narrow planks r 
ing against the bottom cill and the swinging beam, t 
forming a weir which raised the water in the stream abo 
5 feet high. The boards were then rapidly withdniH 
the swinging beam was turned back, and all the Ix* 
which had Ijeen collected above were carried by the fl( 
of water over the shallow below. By repeating this op 
ation at given intervals, the boats were enabled to fH 
ceed a distance of about 23 miles in two or three days. 
This pnmitive system, which was at one period v« 
common in England, has been superseded by throw! 
jrmanent dams across the river, so as to convert i 
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lel into a series of deep-water reaches, and the boats 
tea from one reach to the other by means of side-cuts 
ith locks. This plan, which in America is called " still- 
ater navigation," has been extensively carried out on the 
ivera of that country. I saw a good specimen of it on 
be Schuylkill, in Pennsylvania. That river was rendered 
navigable by thirty-four dams constructed in the bed of 
the stream, so as to raise the level of the water and con- 
cert the river into thirty-four reaches of navigable water, 
vaiying in length according to the rise in the river's bed. 
The barges pass from the different reaches through a short 
*i(i&<ut, in which there is a canal lock of the ordinary 
Mnatruction. The navigation is upwai-ds of 100 miles 
K length, and was navigated by boats of about 60 tons 
widen- The same plan has been carried out on a pretty 
ouge scale by the late Mr. Rendel and Mr. Beardraore, 
or the improvement of the river Lee, and by Sir William 
^ibitt on the upper part of the Severn, where the river 
been divided into four reaches, having a depth of 6 
et, with side-cuts and locks having a lift of 8 feet each. 
It must be obvious that tlie works for forming slaek- 
kter navigation closely resemble the ordinary canal works 
liich have been already described, and the side cuts and 
tks for passing vessels from reach to reach of the river 
3 identical, and require no further notice. 

But the operation of damming up the river Is impor- wei™ oi 

mt, and cannot be passed over without special notice. 

river dam ia a work in all cases demanding carefiil con- 

ideration, not only as regards its safe construction so as 

reust the force of the stream, but also with reference 
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to its ^ect in oppomng the free discharge of the vato, 
and causing the land above it to be flooded during he&vy 
rains. 

The dams on ihe Schuylkill naTtgation« and, indeed 
on many of the American rivers, are formed of timber 
framework filled with rubble. That on the Sdiuylkill st 
Philadelphia, which served both for the navigation and for 




supplying water to drive the wheels of the Philadelphia 
Water-works, was formed in separate compartments or 
frames, each of which was 20 feet in breadth. These, 
after being framed together, were filled with stones, and 
sunk in the line of the dam. Fig. 20 is an elevation, and 




fig. 21 is a section of the dam, fixim which its construction 
wUl be easily understood. The cribs were formed of logs 
of wood measuring 18 to 20 inches, connected t<^ther 
by strong dovetailing. The size of the framework in the 
direction of the stream was 72 feet. The planking on 
the top was 6 inches thick. The upper parts of the cribs 
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rare connected together so as to form one continuous 
tructure, and the whole was backed by a large mass of 
uaavy rubble. This dam withstood a flood, when the 
over Schuylkill was passing over it in a solid body of 
inter, 7 feet 1 1 inches in depth without sustaining any 
Injury. 

The dams constructed by Sir W. Cubitt on the 
. ■-- 1 yrn are shown in fig. 22. They are formed of pile 




and rough masonry, and have also withstood the 



But the important question of flooding still remains 
to be noticed, and as Sir W. Cubitt very carefully studied 
tliat subject, I cannot do better than give what he laid 
Wfore the Institution of Civil Engineers' as the result of 
bis experience : — 

" The problem proposed {he said) was this : a river 
wliicb, from its source and the country it passed through. 
Was liable to sudden changes of character — at one time 
running deep and rapid like a mountain stream, and then 
suddenly subsiding, and becoming so shallow as to impede 
the navigation, was required to be so improved as to 
frtion the waters, that the minimum depth, in times of 
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drought, should be sufficient for the traffic, and yet that 
the passage for the flood-waters should be so unimpeded, 
that they should pass off, without unduly flooding the 
lands on either side of the stream, or injuring the drain- 
age. This was done by placing certain weirs obliquely 
across the main stream, their length being such as to 
permit of the free passage of a body of water equal to 
the entire transverse sectional area of the river above the 
weir, without penning up the water so as to overflow the 
banks — ^the navigation being carried on uninterruptedly 
by means of locks, situated in lateral artificial cuts beeide 
the weirs. By these means, however suddenly the water 
in the river rose and the banks were filled, the great 
length of the weirs enabled the flood to pass away, with- 
out reducing the average depth in the channel, yet allow- 
ing for the free drainage of the land above. 

" In placing a weir directly square across a river, a 
considerable portion of its section must be blocked up, 
and the water would be permed back, in proportion to 
the actual height of the weir and the area of the chaimeL 
The water could never flow over that weir in a sheet wider 
than the channel, consequently, the depth upon the weir 

must be greater, and the 

tendency must be to 

( block up the water, and 
even with a river hank- 
full an obstruction must 
exist. It would be seen 
by fig. 23, that if the breadth of the channel were ex- 
tended to three times its width, above and below, and a 




Fig. 23. 




THE " RIVER PROPER COMPAKTMENT. 

traiiBverse weir placed, tlie aame quantity of water woi 
pass over, in a thinner sheet, leaving a comparatively 
tranquil pool above the weir, which, if extended to a lake, 
would present the same appearance as the Lake of Geneva 
—comparatively still water, with a rapid river above andil 
below it. It must be evident that the weir in this 
tSeted no obstruction, as the water was enabled to 
more freely than along the river, either above or below. 
" Fig. 24 showed that the same end might be attained 

*itbont the expense of 

cirttiag avray the land, ] ^ '^"^-^-^ 

tiy placing a weir of the Fio. 24. 

same length in an oblique direction across the stream, 
fithciut unduly widening the channel The same quantity I 
of water would pass in timea of flood, and the velocity of J 
the stream would be maintained more equably, than by f 
any direct transverse obstmction. The greater the obli- 
quity the better would be the effect ; but, as a genei-al I 
rule, three times the direct width of the channel would, ! 
he thought, be an ample proportion, — in fact, it would I 
seldom be necessary to give more than double the direct -I 
width. As a simple rule, it might be stated, that when J 
the rectangle formed by the length of the weir and its I 
depth below the flood limit, equalled the rectangle of the | 
river up-stream of the weir, within the same flood Umits, 
then similar floods would not rise higher above these | 
limits than before the weirs were placed. 

" It had been attempted to be shown that the velo- I 
city of the under-current would be checked, and 1 
would take place ; in &ct, that the eflect 
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be analogous to filling up the bed of tlie river to the 
heiglit of tbe weire, and tbat the descending column, far 
a considerable distance up the river, would be materially 
checked. The contrary, however, had been the reeiill 
The 8urfex;e of the water had been prevented from rising 
during floods ; the bed of the river had not been raised, 
although di-edging had not been resorted to ; and tie 
drainage of the upper country had been fiilly ruaintained 
The under-cxureiit received no check, as, from the obli- 
quity of the weir, the stream was merely turned aside, 
and the body of the water rose gradually at its initial 
velocity, 

" Weira, of the shape of a hoi-se-sboe, and with nn 
acute angle pointing up the stream, had also been tried; 
but there were pi-actical objections to both these fonas, 
as not leaving a free space within them for the overfeU 
of the water, which there formed eddies, frequently 8C0ia- 
ing out the bed of the channel at the foot of the weir." 

Much difference of opinion has been expressed by 
engineers on the question raised by Sir W. Cubitt as to 
the relative obstruction to a river's flow presented by 
transverse and obhque weira, and I am not aware that 
we possess any data determined by actual experiments 
I think all engineers, however, agree on the advan 
tage of the oblique weir in facilitating the dischai^ 
and meantime it is satisfectory to know that the nil 
adopted by Sir William Cubitt, of making the weir of fiU! 
length as that the rectangle fomxed by its lenglJi and 
depth below the flood line eluill be equal to the rectangt 
of the river above the weir within the same flood limii 
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. most aatisfactory results on the Severn, where 
icted on that principle have not increased the 
ng of the river's banka 

iqxie weirs have also been employed with great 
ntage in the Shannon. Mr. Rhodes states that the 
8 at Killaloe and Meelick are each 1 100 feet in length, 
. in HUmnier water there is a Sow of G inches, and in 
I floods from 2 feet G inches to 2 feet 8 inches over 
r crests, and they do not produce fiooding of the lands 



Rhine and Danube. 
The works executed for the improvement of the upper impniTement t 

upper portloiu 

tioDs of many of the continental rivers, such aa the ofcontinenui 
ne and the Danube, are veiy difl'erent in their char- 
p from those I have described. The continental rivers 
I large, and often occupy a wide-spreading bed, with 
iterous channels and islands, and in dealing with them, 
i main object of the engineer is to confine the whole of 
the water into one stream, in the certainty that, although 
tbe currents may be inconveniently strong, there will be 
no difficulty in securing ample depth for navigation. 

The works lately undertaken on the Rhine, as de- riuqo, 
scribed in the Proceedliigs of the Institittion of Civil 
Engineers ' by Mr. Jackson, are of great extent, and were 
attended with much difficulty on account of the sudden 
floods, which, he states, occasionally in the course of 24 
hours rise to the extent of 38, and even 40 feet. They 
Lsted of cuts for straightening the channel — dams or 
» VoL vilp. 211. 
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s Ibr ^4if>ftri"g the flow of the river — ■what are calJaJ 
i Arms £>r separating the navigable channel, and 
spina fijT directing its course. It is worthy of notice that 
all titeee divemoa anus and spurs are constructed of 
bamfles of ^scanes, fixed by piles, and weighted with earth 
and stooes — the distinctive feature of continental river- 
irocks. 
>■ A dtort notice of the Upper Danube, as given byMt. 
Sbc^ihenl,* will serve to illustrate the nature of the worb 
OD soch rivers. Mr. Shepherd says that the navigation 
was greatly impeded by the river shifting Itn coiiree 
alter ahmset every flood. Its channel was divided int'i 
numerous branches, and the main object of the impro^'e- 
ments was to shut ofi* these lateral branches, and to 
cause the river to flow in one central chatmeL The 
spurs fonned for this purpose were projected from both 
banks of the river at such angles as were most suit- 
able to the line of bank and the flow of the stream, which. 
being always in the same direction, and not reversed by 
, flowing ride, is more easily directed and controlled 




heee spurs were constructed aa shown in elevatiot* 
25, and in plan fig. 26. The series of &scnnes o^ 
)d, a and 6, are bound oi 



> Chif Engtsttr^ and Anhiteott Journal, inL x 



. togethei 
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I one continuous line throughout the entire length 

! spur ; each row is well secured to the ground by 

L piles or stakes, and the space between each row is 

I in with earth. The transverse fascines, c c, are laid 




Flo. 26. 

fuo others, and also secured by piles — the ends to- 

8 the stream are left open, and their other ends are 

1 with earth, d d. When the main spurs extend- 

wm the shore are completed, the arms of the river 

nmed oft' in the same manner. 

. Shepherd says that the rapidity with which the 
' spiirs are made is truly surprising ; they offer but Httle 
rtwistance to the water, and as soon as the sand-banks 
''^^'in to move, the dtSbris is deposited between and in 
'lie spurs, which renders them immoveable ; the current 
'^ the same time is thrown into one channel, which has 
'""- efiect of entirely scouring the river of the sand-banks 
1 r':inijusly deposited. 

The brushwood is generally laid in such rivers in its 
o"^!! state, there to take root and grow again ; conse- 
'i'lectly, after a few years, each of the spurs forms a thick 
UiMiuve hedge, which prevents the stream from making 



T, * 



<m lis bukks^ and ocmfineB it to one central 
scamnng it ooi to a width and depth suffident 
itr ikL jmnwaK afuftirigatkaL 

^Qic^ ojBinS' or w>eaxs <m the oontinental rivers are g^e- 
aJnr mMOdt of cnb-vatk, such as has been described at 
niffi^ l«f. a aoDSEmakm whidi seems veiy suitable vrhssB 
xiif f Mi '^ H»iiiJ& as^ zapid. It is indeed wonderful what can 
2«f dtHif- ix. 3K)id zxvesa, haxii^ beds of shelving rock, by 
xiif inoiai-Qi^ use at ** cnb-wwk" filled with stona By 
nucaiinscr ^nr^Hr^ uid loading these cribsy and gradually 
¥^x^rfffi-TTTit£> xbeir dBsiBBSBGDBy a stmctore is at lasfc ob- 
d. re sofieaem w«^ht and base to withstand the 
:«:iTY a^^oL ciTxfae ctmcnts^ even in the most rapd 
121^ vc^BL ^paMS of the ccib-woriL allowing ihe 
wiiSier Tc i.-'w £whr thivM]^ imtQ enough of stonework 
if^ 5eoc«T^ T^^ 9Mm>^ stabifitT. The boldest of sadi 
i^ir^j.'ir::^^ I m^^ ^leioi is the £M]<rbndge leading to Goat 
Isiioi. jk-r.^i^ ibe npids of the Niagara. The liver at 
i^ so>^ i$^ 5&id to haT\e a gradient of one in fifty-two, 
ATxi 'lie 5£^*. as viewed ficvxn the bridge, of water tossed 
up by tiie rai^??^ Kxtom into white-crested breakers, is, 
to a;:! e£:^:i»er« itjiiher $«2ggiesdve of a dangerous founda- 
Uv>n. Nagarsk with its fidk and lapids, may truly be 
said to W unique^ but as it is possible that the device 
adv^pted to fbnn the piers of the bridge may offer hints 
available for some engineering purposes, I shall briefly 
describe the process as e:!Lplained to me. The bridge was 
constructed by projecting trussed beams firom the shore, 
balanced by weights at their inner ends. Upright sup- 
ports were passed through holes in the outer ends of the 
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CHAPTER VIL 

TIDAL PROPAGATION AND TEDAL CURRENTS OF RIVERS. 

Iinportaace of tidal flow — ^Ita extent modified by drctiinstaiioes — Tidal waTe— 
Laws of its propagation — ^Tidal corrents — Obstadea which operate in re- 
tarding tidal wave — Bore on the Dee— Bore on the Severn — Level of hi^ 
water not nosed by facilitating tidal propagation. 

Importance of TiDAL Navigation is a subiect more intimately con- 

tidalflow. ^ ^ ^ "^ _ "^ 

nected with the commercial interests of the British Isles, 
and occupies a more important position in the hydraulic 
engineering of this country, than those branches of river 
navigation which we have been considering in the pre- 
ceding chapter. We have no great rivers here, like the 
Mississippi, on which to laimch and navigate the largest 
class of shipping. Our fresh-water streams, even by all 
the aid of weirs and locks, can hardly be made deep 
enough for canal barges. The hills and valleys of our 
insular coimtry have not sufficient area to form fresh- 
water streams available for navigation on a large scale. 

The amoimt of water which our rivers discharge varies 
as the rain floods rise and fall ; and, even at their best, our 
navigable rivers and estuaries may be regarded simply as 
creeks or inlets, formed and kept open, not by the fresh- 
water stream alone, but mainly by the action of the tide, 
and may be said to be navigable only when their channels 
are filled by the influx of water from the ocean. The 
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great agent in keeping open and deepening our naviga- 

tinns is to be found in the tidal flow, wliich not only 

■vrs and maintains tbo sear-channels of our rivers, but 

I does important service by increasing the scanty depth 
'.'. ater wtich the river affords. Nor is this all : another 
-t Important advantage derived from the tides is that 

;Maxd current due to the tidal rise, which, at first 

;(^i-king, and ultimately overpowering and reversing the 

■' ^^^ of the ebb^ream, carries vessels from the sea to 

:..!r inland ports without the aid of either steam or 

"irid. Even the most superficial observer cannot fail 

tn tticognise the value of this when he sees, on the Thames 

■T any other tidal river, a vast fleet of vessels of all sizes, 

111 from all coimtriea, hvinied on by the silent but power- 

! energy of the flowing tide. How invaluable is such 

■ iigent to the commercial interests of this country I If, 

nleed, the action of our river-tides were suspended, and 

II coast begirt with a constant low water, with all its 
■ti'ndant mud-banks and shoals, it might tnUy be said 
"F the steam-power employed in our factories and on oiu- 
Tdilways, that its occupation woidd be gone. I do not, 
■I'ieed, require to do more to enforce the wide-spread 

ii'Tcst of the subject than remind the reader that the 
i-'its of London, Liverpool, and Glasgow, not to name 
less important places, are entirely dependent on tidal 
grigation for their existence. 






From what has been said m Chapter IIL as to the m «n*iit 

. . . -11 1 modified by 

ica! boundaries of nvers, it will be apparent that the cirenuniuioe*. 



' tcDt to which this tidal influence is felt varies in different 
-■Luationa. Where the inclination of the river's bed is 
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gentle, Mid the channel is comparatiTely clear and unob- 
structed, it is felt far up the river, aa in the case of tba 
Thames, where it reaches Teddington Weir, 65 miles &om 
the Nore ; and in the Tay, where it reaches its junctiao 
with the Almond, 35 miles from the bar. In other caee^ 
Budi as the Liine in Lancashire, or Dee in Cheshire, 
the tidal flow is suddenly checked fay artificial wein 
erected in the bed of the river for the use of milla 
In a third class of rivers the upward flow of the tide is 
almost neutralized by the existence of natural obstnw- 
tions, as in the case of the Erne at BaUyshannon, where 
it flows only about three, and the Ness, where it flows 
only about two miles up the river. 

The tidal flow through estuaries and rivers gives rise 
to two phenomena, the one called " tidal propagation, 
and the other "tidal current." It is essential that the 
difference between them should be clearly understood; 
and it is further necessary that neither of them should 
be confounded with that vertical rise and tall of the watOT 
which is known as the range of the tide. 

Tidal Propagation. 
e. The tidal wave which enters an estuary is a branch o 
the great tidal wave of the ocean, Mr. Scott Russell wa 
the first experimental inquirer who conducted investiga 
tions on the tide wave of estuaries, and gave the laws 
its propagation, as deduced trom experiments made on 
the Dee in Cheshire, and the Clyde, which may be stated 
as follows : — 

1. The great primaiy wave of translation differs froi 
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t o^er species of wave, in ita origin, its phenomena, 
3 laws. 

, The tide wave \a identical with the great primary 
9 of translation. 

In a rectangular channel, the velocity with which 

■id&l wave is propagated is equal to the velocity ac- 

I by a heavy body falling freely by gravity through 

gbt equal to half the depth of the fluid, reckoned 

I the top of the wave to the bottom of the channel. 

I sloping or triangular channel the velocity is that of 

ritating body due to ^d of the greatest depth. In a 

»olic channel the velocity is that due to |tli3 or -^ths 

B greatest depth, according as the channel is convex 

mcave. And generally, tlie velocity, is thai due to 

Uy, acting through a Height equal to the depth of the 

I of gravity of the transverse section of the chanyiel 

t the surjace ofthejluid. 

, The velocity in channels of uniform depth is inde- 
mt of their breadth. 
5. A tidal hore is formed when the water is so shallow 
t^liat the first waves of flood move with a velocity so much 
-.■( than that due to the succeeding parts of the tidal 
lie as to be overtaken by the subsequent parts, or 
i*'iiever the tide rises so rapidly that the height of the 
'- wave of the tide exceeds the depth of water at that 



(!. A wave of high water of spring-tides travels faster 
I ui a wave of high water of neap-tides. 

r. In addition to these laws stated by Mr. Russell, I 
ive found that the inclination of a river's bed, and of the 
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Bur&ce of the low-wuter stream, afl'ect the rate of propagl 
tion independently of the form or depth of the dmnne^ 
and that, under certain conditions, a decrease of mclii 
tion is followed by an acceleration, and an incmtw 
inclination by a retardation of the rate of propagation. 
But the results of my investigations will be best umlff- 
stood after I have described the works which afforded tU 
data on which they are founded, and I shall defer further 
notice of them to a succeeding chapter. 

These laws, stated by Mr. Russell, are supposed to 
apply to the passage of the wave through channels having 
a pretty uniform depth and form of cross section ; but ttf 
very irregular outline of the beds of most of our tiiJal 
channels render^ it almost always difficiUt, and in many 
cases impossible, to apply them rigidly to cases wl 
occur in actual practice, I may, however, state generally 
in con-oboration of the correctness of Mr. Russell's dedufl 
tiona, that after investigating the tidal phenomena of matt 
estuaries and rivers, I have found that in all cases tl 
quickest propagation of the tidal wave occiu-s at thi 
places where there is the greatest average depth ; hi 
the varying outline of the cross section renders it alm< 
impossible in most cases to determine what Is the ruh 
depth for calculating the rates of propagation in a 
particular section of the river. In the Dornoch Firth, 
which I have already alluded, I foimd that the distan 
of 11 miles between Portmahomac and MeJkleferry is i 
versed by the tide wave in 30 minutes, being the intei 
between the first appearance of the tide at the two statiot 
giving a velocity of 22 miles per hour. The depth 
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r of that part of the firth varies from 9 to 50 feet. 

I Meikleferry, again, and the Quarry, a distance 

lies, where the depth ia much less, varying from G 

, the transit of the wave occupies 65 minutes, 

' a speed of 6"4 miles per hour. Between the 

^ and Bonar Bridge, a distance of 1 mile, the water 

mparatively shallow, vaiying from 1 to 3 feet, and 

3 in the bed of the river is very rapid. In conse- 

3 of these obstructions the tide does not appear at 

r Bridge for an hour and a half after it has appeared 

3 Quarry, giving a rate of propagation of only two- 

8 of a mUe per hour. 



Tidal Currents. 

hit this passage of the tidal wave through an estuary 
r must not be mistaken for the other phenomenon 
I I have alluded, called the "tide current," which 
Jly distinct in its origin and character. The tidal 
*ftve which I have been describing as pa-ssing through 
'lie lower part of the Dornoch Firth, for example, at the 
rate of 22 miles per hour, ia not that current due to the 
flowing tide by which vessels are carried across the bar, 
fnid borne onward to their destination. That current 
"t the Dornoch Firth flows with a velocity which I never 
fcimd to exceed 4 mUes per hour. The laws of the pro- 
pagation of the tidal waves, to which I fii-st alluded, 
flepend, as explained, on circumstances somewhat obscure ; 
' ' il the velocity of the tide current, or that current 
"liich flows into our rivers, is due entirely to the slope or 
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foil on the surface of Oie water. The amount of this slo] 
depends on the rapidity with which the tide rises and tl: 
degree of obstruction presented to ite propagation up thi 
river. The more rapid the rise, of tide and the great 
the obetniction to its flow the greater will be the diffep 
ence of level in the tidal lines, as shown in the plates wliick 
illustrate Chapter IV, A head of water is thus formed, 
whose height is due to the rapidity of the rise of the tidi 
and the obstruction to its progress ; and a flow of wa( 
having a velocity due to that head is generated up, 
perhaps I should say into, the river or estuary, and tliii 
flow of water is what I terra the fiood-iide current 
Bimilar slope or fall occura on the surface of the ebbing; 
tide, due to the depression of the level of the sea at the 
mouth of the river, which again causes an ehh lidd 
current, flowing in the opposite direction. 
M which Now, the obstructions which are most fi^uently found 
fltidiJ to retard tidal propagation, and to produce a heaping « 
of the water and rapid tide currents, are the circiiitov 
routes of the channels of rivers, inequahties in their bed 
the projection of obstacles from their banks, and in certa 
circiunstances the slopes of their siu^aces. The combinf 
effect of these obstructions is such aa in all rivers to cho 
the propagation of the tide-wave, and, in situations wh( 
there is a great and rapid rise of tide, to heap up tl 
water in the lower part of the river during flood, and 
to occasion what are termed " bores," and other appare 
anomalies. In the chapter on Tide Observations 
dii'ected attention veiy fully to the existence of this hea 
ing up of the tide during flood, but I did not then diro 
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attention to the cause and consequences, of which I have 
■^v to speak. In the Dee, as has already been stated, 
-re is at low water a fall of 11 feet from Chester to 
lilt, a distance of 13 miles ; and on one occasion I found 
i'l after the tide had risen 18 feet 4 inches at Flint, it 
!■! not commenced to flow at Chester. While, therefore, 
: luw water there is a fell seawards of 11 feet from 
ijester to Flint, there was at the time alluded to a fall 
■m the sea downwards, so to Bpeak, of no less than 7 
-d 4 inches from Flint to Chester. Fig. 27 is a diagram 




"f these tide lines, which will illuatrate more clearly the 
TOBCt of this heaping up of water in the seaward part of 
'lie river. The lower line represents the surface of low 

■i^ter, and the upper line shows the surface at the period 
"I flood-tide to which I have alluded. In this case the 
sriiall depth of water, and tortuous and unequal channel, 
'■^t^irded the early waves of flood-tide so much, that they 
"ere overtaken by the succeeding waves ; and, in accord- 
'"iL'!> with Mr. Russell's theory, a tidal hore was the 

' lilt, or, hi other words, the water was heaped up so 
iiigh, and the slope was consequently so great, as to cause 
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the water to tumble over, and ascend the river in th^ 
form of a breaking wave. 
Ezmmpie of a The manner in which such tides flow up an estuaiy^ 

the Dee. may probably be made more intelligible by a simple 

description of a flood-tide on the Dee than by diagrams of 
tidal linea In fig. 28 the letters a, b, c, d represent a 
part of the low-water channel of the river Dee, at a place 
where the estuary is about 3 miles wide, and consists of 
extensive sand-banks. In examining minutely the wind- 
ings of the stream in reference to certain investigations, it 
was necessary to walk down the right bank of the river 




Fig. 28. 

at low water, close to the edge of the channel. While so 
engaged, I crossed at the point b, a hollow in the sand- 
bank, which, though depressed below the general height 
of the surroimding surface, was nevertheless quite diy, 
the lowest part of the track being considerably above the 
level of the water of the river. Crossing this hollow, the 
noise of the approaching tide was heard ; and expecting 
to meet the flood forcing its way up the river, I continued 
to walk on towards c ; but seeing no appearance of its ap- 
proach by the proper channel, and still hearing the noise 
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Jly increasing, and apparently coming from behind, 

»ed round and perceived a rapid run of water flowing 

3 direction shown by the arrow) through the hollow 

, which had just been crossed, and emptying itself 

I the river at b. I immediately hastened back, and 

having waded through the newly-formed stream 

■, which had attained a depth of 6 or 8 inches, 

ned on its upper side to see the result of this un- 

. inroad. The water continued to rush through 

E hollow, rapidly gaining breadth and depth, and 

after an interval of 2 or 2^ minutes from the 

B at which the noise was first heard, the tide appeared 

its way up the proper channel of the river, 

I a head or bore of 6 or 8 inches in height. In 

\ case it is clear, from what haa been said as to the 

e on the river from Flint to Cheater during the early 

J of tide, that the level of the water at rf in the 

I would be above that at 6. The tide, on arriving 

I the point d, would be naturally divided into two 

Miches or currents, one proceeding up the natural 

inel towards c, and the other flowing into the hollow 

"the sand-bank at d towards e ; and as the level of the 

Wster at d rose, the stream which flowed into the hollow 

" the sand-bank would gradually rise higher until it sur- 

■■imted the siunmit-level at e, after which it would rush 

'11 c to & without obstruction. The other branch of the 

!i It? woidd in the meantime be forcing its way along the 

' I rcuitouB channel deb, which was about a mile in length ; 

Mid before it reached b, the water at d had attained a 

much higher level than at b, and having surmounted the 



166 INLAND ^■A\^GATION. 

BUmAiit^level of the sand-bank at e continued to 
without obstruction into the chatmel of the river m ti 
moaner represented. From this I draw the general 
elusion, that in all places where the retardvig infix 
v^ich exist in tJie regular channel of a river exceed 
obstructions in any back take or swasJi-wai/, tfie tide t 
Jlow sooner through the latter than the former, and 5 
rise to an apparent anomaly of two tides Jhwing 
opposite directions, in the same river, till they are neutra 
lizeil by coming in contact. 

The bite Admiral Beechey, in his Remarks on the fida 
Phenomena of the River Severn, published in 1851, gi' 
the following interesting accoimt of the bore on tiiat 
river : — *' The bore," he says, " is not dangerous to boat 
if afloat in the middle of the river ; and it is the coromca 
practice up the Severn to row the boats out to the centn 
of the stream on the approach of the bore, and put Ihi 
head to the wave ; but if this precaution be not taken 
and the boats are allowed to remain at the edge of th 
shore, they are liable to be swamped or stove, as tl 
wave breaks with great violence along the banks as it p« 
ceeds ; but towai-ds the centre of the river, if the wat* 
be not very shallow, the wave is smooth and unbroki 
Before the arrival of the bore, the stream runs down t 
river, and the altitude of the water at a distance from ti 
sea is quite stationary ; but on the arrival of the bore 
water instantly rises according to the height of the bri 
of the wave, and the stream turns and follows the wa 
up the river, although it had but a few minutes beft 
been ru nn i ng down at a rapid rate ; and this chango 
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I is effected without any breaking wave. When 

I is a heavy fresh down the river, and the stream ia 

^ at the rate of four or more imlea an hour, the 

[ stream hangs for several minutes after the bore 

, not being able to overcome at the moment the 

of the ebbing water ; but when it has once 

i upwards, it attains its maximum speed in the first 

pour of the tide. When the reaches of the river are 

iht, the bore travels evenly up the river, but at the 

i it is thrown off towards the ftui;her side, where 

I higher than in the straight reaches ; thence it 

i and impinges upon the opposite shore, and so, like 

urbed pendulum, it oscillates from side to side, and 

J its steady course when the reaches lengthen. 

lughest tide of the year rolled up the Severn on the 

r December. There was about 2 feet of water above 

■ summer-level in the river, and the morning 

1 and favourable to the phenomenon. The stream 

r water ran down at the rate of 2^ nules (geographical) 

lOur, \mtil the time when, the bore came rolling up 

K'er with a breast from 5 to 6 feet high at the sides, 

\ feet 6 inches In the centre. The wave was glassy 

; and as it advanced towards a spectator stationed 

wnebench, a singular effect was produced by the dis- 

1 surfiico of the wave reflecting the rising sun, and 

jitly illuminating the stems and bi-anches of the 

I skirting the river as the bore passed along— an 

i which greatly enhanced the interest of the pheno- 

nx, which is at all times an object of curiosity. The 

1 turned up the instant after the bore passed, and 



1 
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laa at the mtoof 8f mOes per hoar, wbidoi wtm 
half the average rate of the bora^ tli6 speed of 
varied from 12 to 7 mOes per hour, averaging 9 
Stonebeooh and GHoaoeafcer." Aidminl Beeohey 
saya, "that the effect of a freah, or a owtain dqrth 
vrater m the nver, upon the advance of the bon^ 
ramaikahlBL At diy periods the great obsiariictkii to 
progress of the bora Ubs between Siarpness and BoDov* 
pool, and at such times the many diy sand-banks pcevotS 
the boro attaining a rate greater than about 4 nultt tt 
hour; bat wbssi the river is under the inflnmioe of fieahei^ 
and the vrater raised^ covering some of the banker ik 
appears to roll on at a rate of 10 miles an hour in opp^ 
sition to the stream, which runs down at the rate of ^ 
wards of 4 miles an hour.'' 

I 

The phenomenon of the bore, called miMcaret bj tfe' 
French, and in South America pararoca, has been iqKnrted 
by some travellers to assume dimensions hardly conceiv- 
able. Condamine, in describing that of the Amazon, says,^ 
'' At the distance of a league or two a frightful noise is 
distinguished, the herald of the pororoca^ which is ii^ 
name given by the Americans of the district to tl^ 
tremendous hare. In proportion as it advances the noiBC 
increases, and shortly a promontory of water is seen^ firoix 
12 to 15 feet high, which is succeeded by a second, aftet 
wards another, and sometimes again a fourth, rapidly iiP 
polled one after the other, and fiUing the whole breadth c 
the channel ; this bore advances with prodigious rapidity 
and carries away before it whatever opposes resistanca" 

^ Pinkerton^ TraveU, roL ziy. p. 252. 



\ 
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t to return to our own rivera : the object of the engi- 

1 dealing with what I have termed the tidal com- 

lent, is to facilitate the propagation of the tidal wave 

Igh the estuary or river, for which he has to design 

J aa to increase the tidal influence, and also to 

B the tendency to the heaping up of water in the 

t reaches of the river during flood-tide. The heaping 

F the tides, and the bore it occasions, will readily be 

Itted to be a great evil, and if my remarks as to our 

I being navigable only when they are supplemented 

I presence of the tide be true, it will be no less 

3 that all extensions of the period during which the 

s operative must be a great advantage ; and this is 

1 1 mean by increasing the duration or Injluence of 

It will be found, I think, in the examples I 

I hereafter to offer, that, with proper management, 

! desirable results may be surely accomplished, and 

[Dount accurately determined. 

, is probably the most convenient place to notice 

I lacts of great importance in Kiver Engineering, 

I I deduce from these considerations as to the nature 
i tidal propagation and tide currents. The obstruc- 

I to which I have alluded retard the rate of pro- 
but they increase the velocity of the tide 
Now, as the aim, and. If successful, the eflect 
I engineering works, is to iucrease the rate of tidal 
;ation, no less certainly will they tend to lessen the 
J up of water in the lower reaches, and at the same 
time to decrease the velocity of the tide currents. In 
wifles where these currents are found to act prejudicially 
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by prodncing a bore, or hy bringing up sand &om tlis 
lower parts of the estuary, or where they are inconveni- 
ently rapid for navigation, we are thus, while incTB 
the propagation of the tidal wave, enabled to check their 
energy, and thus to effect an important improvement 
Another eirciunstance is worthy of notice. It ig 
- well known that the momentum of the column of water, 
flowing up the gradually contracting and rising chajuiel 
of a river, causes the level of high water to stand 
higher than in the open ocean or in the lower reaclag. 
This is accounted fur, as already stated, on the princi[d8 
of the conservation of forces. The height to which tlw 
water is thus raised depends on the quantity of water 
thrown in by the tide during a g^ven time, the elevation 
being greatest at spring, and smallest at neap tides, as 
I have shown at page 83. At the Dee, Ibr example, I 
fotmd that the high ■water of spring-tides at Chester w 
1 4 inches higher than that at Connah's Quay ; while 
neap-tides the difference of level was only 4 inches.' 
From observations given by Admiiul Beechey it appean 
that the high water at Sharpness is sometimes 10 feet 8 
inches higher than at Minehead, the distance between tb 
places being 66 miles. But the rise of tide in the Brist^ 
Channel is very great, and its tidal phenomena peculiar. 
In considering the elevation of the level in the upp< 
part of a river, as a mechanical question. Dr. Whewt 
says it may be accoimted for by what is called "tl 

' Ajdniral Beechey found thnt at the Severn the low water of Bjiting tiill 
itnea nut foil an low u tb3>t of neajM, which he »ttribut«a to the grealttr qnuiti 
of tidml wnter not hnviog time to Bow out. I am cot Birare of k iuiul«r oburt 
tion having bt-ea nude at any other ft»M. 
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pie of the conservation of force. When any quantity 
tter IB in motion, its motion ia capable of carrying 
particle of the mass to the height from which it 
have iallen to acquire its velocity ; but if the motion 
Iployed in raising a smaller quantity of matter, it Is 
le of raising it to a height proportionally gi-eater. 
1 and channels, which narrow considerably, the 
ity of water raised in the narrow part is less than 
I wider, and thus the rise in such cases is greater."' 
ow, OS the effect of engineering works, as will be 
fully detailed hereafter, is not only to produce a fi-ee 
[ation of the tide, but to admit a lai^er body of 
rater, it has been contended that such operations 
necessarily cause the tide to rise higher, and it has 
attempted to be shown in some cases in my own 
ience that they would necessarily occasion incon- 
Qce, and even injury to property, by the improved 
TPrer rushing up with violence and overflowing its banks. 
After the most carefiil observation, however, I have 
sen able to detect that such operations have, in 
, had the effect of notably raising the level of the 
b-water line. The tide, in improved rivers, begins to 
f earlier than before, and a larger body of water is 
«imed iip the navigable channel, where its effect is most 
'iseful, but the same works which increased the propaga- 
lave, by removing obstructions, decreased the heaping 
f the tide, and, consequently, the velocity of the tide 
■tt ; and by this fortunate compensative action, our 
I, though their beds are opened up and improved, do 

1 Philoaophitai TraTttatUotu, 1S33, p. 201. 
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not inimdate our towns, or even overflow our quays, but 
quietly keep within their original lunits. That such im- 
provements, by affording a more rapid discharge at ebb- 
tide and low water, have diminished the extent of land 
floods, cannot, I think, be doubted. At Glasgow, the 
floods do not now flood the Green and the low-lying 
streets in that locality as they used to do ; and at the 
Tees, Mr. John Fowler, the engineer to the Navigation 
Trust, says that previous to the improvement of the river 
the lower parts of Stockton were frequently flooded, and 
in the High Street of Tarm, which is 8 miles above 
Stockton, the water often rose 5 or 6 feet, but smoe 
the execution of the works there has been no such flood- 
ing. But this land flooding, the reader will bear in niind, 
is in no way connected with the tidal phenomena which 
we have been considering. I have, however, noticed it, in 
parsing, as an effect of river improvement. 



CHAPTER VIII. 

toAi COMPARTMENT — WORKS FOR ITS IMPROVEMENT. 



^^pAI^ OOU 

^^^bnJ at obatrootioQfl to ticlal flow^Weit* erected for public worlu — Works 
I far improvement oE tidtd cnrapartment of riven — Itl, Removal of lateral ob- 
(tmctioDS ; jetties objectioiuible ; piers of bridges objectioDftble — 2J, Training 
Willi ; Ribble low-water training woUs ; comparative advantsges of straight 
and cnrved walls ; form and conatmction of river walls — 2d, Closing of nili- 
■idiarj cbaDoels—JtA, Sobstituting straight cuts for beoda — 5lh, Dredging ; 
■ta iiitroduotioD ; bog oad spoon dredge ; bucket between two lighters ; steam 
dndgea ; hand dredges ; dredging on the Clyde and Wear ; impruvementa in 
■team dredges ; dredging on Amsterdam and Snez Canals ; longitudinal and 

cross dredging ; blasting at BaUyahannon, at the Severn, and at St. Heliers, 

Jeney ; dredging in exposed situations — Glk, Excavatiou ; by diving-bell ; 

bj floatation; by cofferdams — llh, Scouriog — 8'A, Reducing the inclination 

of the bed. 

The removal of all obstacles to tlie flow of the tide Hemomi of 
is the object, as already stated, to which attention has Ji,tidd flow, 
t'liiefly to be directed in deaigning improvements in the 
tlepiirtment of navigation we are now considering ; and 
'fi order to form a satisfactory opinion, it is necessary to 
uave an accurate survey, showing the depths of water and 
tiie breadths of channel throughout the whole extent of 
me river, as well as the amotmt of tidal range, the velocity 
"-'^ the currents, the rise on the bed, and the nature of the 
'riaterialfl of which the bottom and banks are composed, 
^ explained in the chapter on Hydrometric Observations. 
Poasessed of this information, the engineer is in a position 
^'> Consider to what extent the bed of the river may, with 
'^^■antage, be deepened and widened, and the currents 
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directed by means of walls ; also whether euhsidu 
channels may, with Bafety, be shut «p, or new cute 
made for the passage of the river, or whether or a 
irregularities in the width, which injuriously affect ( 
currents, may be corrected. The effect of sudi woi 
will be to cause the currents of flood and ebb tide to 111 
always in one channel, and thus to exert their fidl a 
combined power in keeping open one navigable track. 

Before, however, proceeding to describe these wor 
it is perhaps proper to notice the artificial weirs that 
some tidal rivers have, in early times, been erected 
the purposes of manufacture. The removal of sucb er 
tions, however prejudicial they may be to navigation, 
in many cases attended with difficulty, owing to the 
value of the interests involved, and the large compen 
tion claimed by proprietors. Such weirs, for esam] 
are to be found on the Dee in Cheshire and the Lane 
Lancashire, and other rivers ; and in order to show t 
obstniction to the tidal flow, I have only to state 
facts as regards the weir on the Dee, which was ei 
at an early date for supplying water-power for Cht 
milla I had occasion to examine it with reference t" 
the extensive flooding of the meadow-lands on the banV' 
of the river above the weir, and found that its crest 
1 1 feet 6 inches above the bed of the river immedial 
below it, and that the level of the crest, if extended 
the river, does not strike the bed for a distance 
miles. It thus presents a perpendicular fece to the 
ing tide, which is completely checked until it rises so 
s to I'each to the top of the weir, and this happens onl' 
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tonng-tidea The weir, therefore, forms an artificial 
the river's bed of 7 miles in length, which, were 
icle removed, would be filled and emptied aa 
3 flcfwed and ebbed, and thus the scouring power 
1 river would be increased. But the vested inter- 
fthe miU-ownetB cannot be violated. 
Be rranoval of existing quays and other works of long 
; as in the case of the Tyne, the Wear, and other 
is also for the same reason diffictdt, and works 
loiten be designed for such localities which shall not 
busly affect existing property, unless, indeed, as in 
a of the Thames between Westminster and London 
!, and the Foyle at Londondeny, where the rights 
i proprietoi-s were purchased, and a line of quays 
to meet the public convenience irrespective of 
J interests. 
3 weirs and quays, however, present difBculties, 
tfech may be regivrded aa financial rather than engineer- 
ing, but I have thought it right to notice them. La passing, 
and shall proceed to consider the works which will be 
found to be generally applicable to river improvements, 
Mri^ the following heads : — 
^K Kemoval of lateral obstructions. 
^K Training walls. 
^K Closing of subsidiaiy channels. 
^R Substituting straight cuts for bends, 
5. Dredging. 

J; 6. Excavation. 

I Scouring. 

t Beducing the inclination of the bed. 
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1. Removal of Lateral Obstructions. 

Under tlie " Eemoval of Lateral Obstructions " may 

be classed all those works whicb have for their object the 

formation of proper outlines for the banks or sides of the 

jctuea river. In the early history of liver engineering it was 

objecUoiiable. . , , ••/•«■ 

common to construct jetties or groms projecting fix)m the 
banks on either side, with the view of narrowing tJie 
stream, and producing a greater scouring power to operate 
on the bottom. It is no doubt true that such projections 
have the effect of producing a local acceleration of the 
currents, and in soft bottoms a corresponding increase of 
depth in their immediate vicinity. But this increase of 
velocity and depth being due entirely to the obstruction 
and consequent raiding of the level of the water caused 
by the jetty, is strictly local Whenever the water passes 
the end of the jetty, it expands into the greater width 
of bed, the head is reduced, a stagnation or eddy takes 
place, and a bank or shoal is formed — a result which 
invariably follows the projection of any obstruction or 
foreign body into a stream having a soft bottom. I have 
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often observed this on the river Dee, in Cheshire, where 
there is a long straight reach with jetties projecting from 
one side, and a continuous embankment on the opposite 
side of the channel, as represented by the dark lines in 
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, wliicti is a small portion of the Dee at low water, 

ictioD of the current being shown by the arrow. 

I thia cut it will be understood that at the ends of 

» jetties there are holes 12 or 14 feet deep at low 

'f whfle a sand-bank or shallow, nearly dry at low 

f extends into the river between the jetties. The 

r in which the tidal current is distorted by the jet- 

h shown in fig. 30, which represents the same portion 

9 Dee during the flowing tide. The current, indicated 



s large arrow, on reaching the jetty A, ia obstructed, 
»nsequently the level of the surface is raised, so that 
*r on the seaward side of A is some inches higher 
Ion ita landward side. The surface of the river at B 
■ also raised, and a strong current is generated past the 
ffid of the jetty, which curls roimd into the space between 
tlie jetties A and C The maia. stream passing on, im- 
I'inges against the jetty C, raising a head at ita seaward 
"^ide, and a corresponding current towards the shore C A, 
nlung which it flows, and toward the root of the jetty A, 
) the level of the water is also low. The whole of 
aipUcated motion takes place in not very many 
, and the result is a counter-current and eddy 
ien the jetties ; and this action continues during the 
b flow of the tide, and is more or lees marked accord- 
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ing to the strength of the current ; for it must be remem- 
bered that the depression on the upper sides of the jetties 
is not immediately filled up bj the rush of water round 
the extremity, because the head which produces the vdo- 
city continues to increase with the li^ng tide, and the 
e£kct shown in fig. 30 will continue imtil slack tide, ■vh.eai 
the surface of tiie water above and below the jetties attains 
the same level. A pim il ar action, the directions of the 
currents bong reversed, takes place at ebb tide, and in a 
river with a sandy bottom like ihe Dee, it is not difScult 
to imagine the consequence of such a disturbance of cur- 
rents in excavating holes and throwing up shoals. 

As an aggravated instance of the tendency of all ob- 
structiona to produce currents and distortion of the bed 
of a river, I may refer to a vessel of about 170 tons, 
which, by the breaking of a tow-line, groimded in the 




Tay when there waa some flood in the river. The con- 
sequence of this mishap is shown in fig. 31, where the 
vessel is represented at a as lying in a pool which was 
scoured to the depth of 10 feet in the coiurse of a few 
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and. the gravel thus excavated by the cmrent, act- 
\ tlie grounded vessel, and amounting to upwards of 
tons, was deposited in the fonn of a bank 5 feet 
i law writer immediately below the pool, as shown in 
hod lines. Thus, although the current in its natural 
waa not sufficiently strong to act on the bed of 
river, the foreign body or obstruction caused by the 
Unded vessel raised a head of water which produced a 
ent powerful enough to excavate hundreds of tons of 
rel in a few hours. A similar effect, though varying 
degree, occurs in all rivers confined by jetties, such as 
s on the Dee, to which I have referred. Rivei-a so 
Bated present an alternation of shoals, nearly dry at 
m water, and deep pools instead of a regular bottom 
&d a uniform depth of water available for the purposes 
if navigation ; and it is wonderful how long the system 
rf " jettjring," or, as it is termed in England, " cauling " 
I river continued to be advocated and followed by 
Wgineers. The Clyde, Tyne, Tees, and other rivers, 
■uffered, if I may use the expression, from jetties, con- 
rtnicted at great expense, intended to confine and im- 
rove, but which rather tended to distort their channels, 
3n the Clyde and some other rivers the ends of the jetties 
*W6 latterly comiected by longitudinal walls, which no 
Jubt, to some extent, obviated the evils described as pro- 
ceed l^ the jettiei3 on the Dee. But still it waa long 
iWeraWy befieved that jetties must, in the first instance, 
W constructed, even although their extremities might 
•fterwards be connected with longitudinal walls if necea- 
•ftry. Friiin the Clyde, the upper port of the Kibble, the 
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Tay, and the Tees, and other rivers they have 1 
entirely removed. I have universally found that; 
wherever jetties existed, their entire or partial removal 
formed one of the first steps towardu an improvement 
of the navigation, being, in all cases which have coiw 
within my experience, followed by good results ; but I 
am not prepared to say that there may not be sotw 
special case in which a jetty may be advantageoualj 
employed in a navigable channel, indeed, I on one o 
casion recommended it, to reduce an undue width fl 
channel, where circumstances connected with accesa t 
the land prevented the formation of a wall, and, of couretv 
for other purposes, such as the protection of a river'a 
banks without reference to navigation, they are oftol 
found to be veiy useiuL 
ofbridgM What I have said as to the injurious effects of jetties 
applies with equal force to the piers of bridges erect«l 
across tidal rivers. 

At the bridge over the Lary, near Plymouth, erected 
by Mr. J. M. Eendel, it was found that the scour wb» 
operating injuriously on the bottom, and he applied a 
artificial bed of clay firom 18 inches to 2 feet th3o£ 
covered with stones of all sizes fix>m 200 lbs. downwar* 
to protect the clay from the run of the water, the c 
having a good effect in preventing the stones fi 
being moved ; the combined thickness of the clay i 
stones was fi-om 2 feet to 2 feet 6 inches, thus replacii 
the loss of the natural bed which had been scoured awa; 
This artificial bed was found to be quite successful, e 
remsted a current of nearly 5 miles an hour. Mosars. 1 
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and T. Stevenson su^ested the same remedy for the rail- 
way bridge at Inverness, where scouring to the depth of 6 
feet had occurred. In both cases, the original bed being 
restored, the velocity of the currents was increased by 
the reduction of water-way due to the piers of the bridge. 
But in navigable rivers it is not always desirable to in- 
crease the velocity of the current, but rather to foimd the 
piers so low as to place them beyond risk of injury from 
scouring. As an instance of this I may mention the rail- 
way bridge across the Foyle at Londonderry. The scour- 
ing which took place there operated chiefly on the eastern 
or concave side of the river, and the deepest cavities were 
in immediate proximity to the piers of the bridge, — 
results which, from what I have stated as to the Dee, 
would naturally happen. The greatest depth scoured 
from the bed of ihe river was about 4 feet between the 
piers, and increased at the piers themselves to about 8 
feet The transverse section of the river showed that the 
abrogate vridth of the piers of the bridge and side^walls 
was 150 feet, being about a sixth of the whole width of 
the river at the place in question. The sectional area of 
the river previous to the erection of the bridge was 
18,079 square feet at half-tide, wKen the current is 
strongest, and the piers occupy a space of 2475 square 
feet, reducing the sectional area of the river by that 
:i!nount. It is obvious that in all such cases, if an equal 
i|iiantlty of water is to flow into the upper part of 
tlie river in the some time as before the erection of a 
bridge, the velocity of the currents must necessarily be 
increased in proportion as the sectional area is diminished. 
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This increased current, acting on the soft bottom, must 
gradually gain in depth what has been taken from tha 
water-way in width, and whenever the deepening is suf- 
ficient to compensate for the diminution of sectional area 
caused by the piers, the scouring action will cease. The 
eecttonal area occupied by the piers of the Foyle Bridge 
at half-tide was, as already stated, 2-475 feet, and the 
sectional area scoured from the bed of the river was about 
1868 square feet, and in reporting on the subject to tha 
Hai'bour Commissioners it was stated that the scouring 
plight be expected to continue until the increased 
sectional area shotild have so far diminished the velocity 
of the currents as to render them inoperative on the bed 
of the river — a result which has since been verified ; 
as Hie piers of the bridge had been carried by Mr, Hawk- 
shaw, who was en^eer to the railway company, upwards 
of 30 feet below the bed of the river, the stability of th« 
structure was not affected, and the velocity of the tides 
through the opening draw of the bridge, made for thi 
passage of ships, was not increased, A similar result hap- 
[jened at the railway bridge across the river Tay, where, 
from sections made in 1847 and 1849, before and after tht 
bridge was built, it appeared that the bed of the river, 
which consisted of gravel, had been scoured to the extent 
of 2 or 3 feet, and that it ceased whenever the normal 
proportions between the quantity of water passed and th< 
sectional area were restored. In a river like the Tayj 
where the bottom is gravel, it may fiiirly he assumed thai 
when the scour of high floods has enlarged the water-waj 
the bed of the river will continue imaltered, because th( 
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material that baa been Bcoured out is bo heavy that only 
t he velocity of a heavy land-jlood can move it, and, tbere- 
fi )re, the mere flow of the tide cannot again disturb it. 
But in rivers having soft beds, composed of fine sand or 
Hilt, easily moved, the material scoured by land-floods is 
brought back by the flood, and thus it is impossible, when 
piers or other obstructions, such as jetties, are placed in 
rivers with soft bottoms, to preserve a uniform depth of 
water, as it changes from fortnight to fortnight with the 
constantly changing velocities of neap and spring tidea 

The only other remark which I have to offer on this 
section of works is, that in some instances where the 
river is contracted by the projection of quays, or by the 
natural formation of the banks, it may be found advisable, 
where it can be done consistently with existing interests, 
to enlarge the cross-sectional area in order to reduce the 
velocity of the currents, and prevent disturbance of the 
tidal flow. Indeed, it may be laid down as a general 
principle in designing works for river improvements, on 
the one hand, not to adopt a waiei'-way so great as to 
reduce the scouring j>ouieT aiid produce shoaling, nor, on 
Oie otfier hand, so small as to increase the current beyond 
wh(xt is convenient Jor the proper management of vessels. 



2. Training Walls. 

In open estuaries filled with sand-banks, the courses 

r rivers are liable to constant alteration, due to every 

) in the tidea or winds. The woodcut of the Lune, 

, illustrates this remark. The several dotted linee 

ipresent the variations of the river during the period of 
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This tendency to deviate from channel to 
inel is common to all rivers that are left, undirected, 
to work their way through a tract of aand, and is utterly 
destructive to navigation. Continued during every flood 
;uid ebb tide it sets loose a large amount of floating aand, 
which is daily drifted to and fro, and deposited in some 
new situation. A channel which is thus constantly 
shifting its course never remains sufficiently long in one 
jKwition to form for itself a properly defined bed, but is 
in fiict always in a transition state ; the sand which is 
worn from the concave side, where there is the greatest 
Bcour, being thrown to the convex side of the stream, 
while some portion of the floating materials, carried to 
and fro during this process of perpetual change, is often 
deposited, and forms shoals in the middle of the fairway. 
A river left in this state of nature cannot possibly attain 
the maximum depth due to the natural scour of the tidid 
currents, as their power is expended in abrading and 
removing the sand-banks through which the stream flows, 
and not, as It ought to be, in deepening and scouring its 
bed. In such cases what is wanted is to secure a per- 
manent channel, by guiding the first of the flood and the 
Inst of the ebb tide by means of walls, so that the strength 
of the ciurents may constantly operate on the same line 
of channel. In this way it is obvious that not only will 
the advantage of a permanent navigable track be obtained, 
hut the constant action of the cuirents of flood and ebb 
tide flowing in the same channel, will secure a much 
greater permanent depth than they could possibly do if 
uermitted to wander at random through the estuary, 
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Bometimea operating in the same channel, and at otl 
times directly opposed to each other, and these resin 
can best be attained by training walls. 
iui.i.io lo*- In 1836, Mr. James Walker was, I believe, the firstj 

Z^il "' "^ propose low parallel walls for the Clyde at Dumhi 

but I beheve I am also correct in saying that the lUbl 
was the first river, passing through an estuary of b 
banks, which was improved by excavation and low tra 
walla alone ; and even long subsequent to the aucce-s 
construction of training walls on the Ribble, jetties c 
tinned to be erected on the Tyne, the Tees, and otill 
rivers. Even in 1850, twelve years after the EibUe 
works were commenced, I gave evidence in support of a 
Conservancy Bill for the river Tyne, which was intended to 
introduce a new system of treating the river ; and in speak- 
ing of the condition of the Tyne at that time, I stated that 
" the works which have been executed to improve its coim^- 
tion, consisting of groynes or jetties raised above the level 
of high-water mark, and extending into the channel, are 
by no means judicious ; that had such works been adopted 
as have of late years been introduced with unquestioo- 
able advantage in various rivers, the Tyne would, Uki' 
them, have been in a condition veiy different from wb- ' 
it now presents ; and moreover, by the present system "I 
working, I believe that the Tyne, viewed as a whole, 
never can he improved to any great extent, if at aU." 1_ 
need not add that these remarks in no respect apply i 
the present state of the Tyne navigation. 

The proposal to improve the river Eibblo by bold 
projecting rubble walla through its sandy esttiary, wiu 
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at any cross jetties to check the tide and prevent ita 
owing wp on either side behind the wails, was con- 
bdered as hopeless, and it was with no little difficulty 
lie directors of the Company, amid much contending 
ocal advice, could be persuaded to try the espeiiment ; 
md it was not until after several interviews that the 
Admiralty, represented by Admiral Sir F. Beaufort, aa 
Lydrographer, and Captain Washington, as chief officer 
the hydrograpbic department, gave the official assent 
Aorks which have since, in many instances, proved to 
■ -- the proper treatment for such a river. 

Questions have been raised as to the comparative comparativ< 
advantages of straight and curved walls for directing a stmight nmi 
cIianneL I believe the engineer will find that, in most *"" 
*-isds, the direction of such walla must be determined, not 
any ftbstract consideration as to the superiority of 
i':ght or curved walls, but cbiefly by the relative posi- 
ns of tbe points between which the stream is to be 
ilucted, and the outline and geological formation of 
* shores and banks of the estuary that intervene 
>,\'een those points. The consideration of such matters 
V render it expedient, according to the special circum- 
nces of the locality, to adopt walls having concave, 
Uaight, or convex outlines, aa shown in figs. 33, 34, and 
I 35. 

Viewed as a purely abstract question, it may, I think, 

^\h\j affirmed that a stream is most likely to follow a 

: niianent coiirse when directed by a concave wall, aa 

islwTn in fig. 33, in which the axis of the stream is repre- 
Bttited by the dotted line. Dr. Young observes that the 
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centrifugal force in curved channels has a tendencj to 
draw the greater portion of the water to the concave aide^ 
and thus the greatest scouring power, and consequent^ 
the greatest depth of the stream, will be found upon that 
side, as must have been observed by all who have had 
occasion to study the subject. In a channel directed hj 
straight walls (fig. 34), the current has no such decided 
bias for either wall, and is consequently more easily 
thrown across fi:^m side to sida A wall, on the other 
hand, having a convex outline, as shown in %. 35, is 
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Fig. 33. 
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Fig. 34. 






Fig. .35. 



(especially if the radius of curvature be small) still less 
suitable as a guide, as the line of wall diverges firom the 
direction of the axis of the current. These remarks are 
not hypothetical, as I have found that their correctness 
has been verified by cases in actual practice. There is 
doubtless some disadvantage in the deep water being on 
one side of the channel, as shown in the cross section, 
fig. 36. It would be more convenient for navigation were 
the deep water in the centre ; but it is found that the 
current has a tendency to adhere to one or other of the 
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3xd it is better that the channel should keep con- 

' to one wall, than that it should alternate from 

I side, as is more apt to be the case in absolutely 

nt dhannels. It is, however, proper to state that 

■owler, the engineer of the Tees Navigation, has 

3 practical difiSculty in maintaining very constantly 



■navigable channel in the long straight reach on the 
, upwards of a nule in length, where the river is 
nined by two parallel walls. 

Tlie direction of river walls must, however, be carefully 

-:rlered by the engineer with reference to existing cir- 

iCancea, as it is a point which clearly requires that 

■ V case be judged on its own merits. But I think it 

i! be found safe in executing such works to adhere as 

doBely as possible to the following general rules, which 

are the result of experience :— 

First, The channel through open estuaries should, in 

fill cases where funds will admit of it, be guided by double 

'h. In cases, however, where the estuary is bounded 

( Imrd beach, presenting a favourable line of direction, 

iirfle wall may occasionally be found stifficient. All 

vs which it may be necessary to introduce should be 

■ :i.^ large a radius as possible, and should, if practicable, 

t* tangential to each other, or to the straight parts of the 

I III' v.ith which they are connected. 

Second, The waUs should not be raised to a higher 
■ cl above the low-water line than is absolutely neces- 
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the purpose of conducting the early and late 

s of the tide; and their direction should be marked 

isional perches. 

37 represents the disposition of such walls in 

as executed under the direction of Messrs. 

»n. They are raised from 3 to 5 feet above the 

r-water line, so that, while they guide the low-water 

bannel, they do not prevent the tide at high water from 

owing on either side of them and fillin g the estuary. 

Third, River walls should, during their erection, be 
Ufihed forward with vigour, and not in a desultory, timid 
lazicer ; the effect of such a course being to increase the 
eppth of water in which the wall has to be made, and 
be amount of stone required for its construction. 

Fourth, It will be found that such walls as I have 
•een describing will be most advantageously formed of 
ough rubble stones, backed with clay and gravel, in the 
iianner shown in fig. 38. 

Fifth, In determining the proper width of channel to 

r >nned by training walls, the engineer must be guided 

:l careful consideration of the frosh-water and tidal 

lilstharge, and the trade to be provided for. The walls 

'Jn the lower part of the Ribble and the Tees are from 

'f'O U 500 feet apart. 
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Caxe must be taken not to adopt a channel of too great 
width, so as to decrease too much the scouring powa^ 
of the currents. It was found on the Dee, from a series 
of observations kept for eight years, that the two places, at 
which the depth was most firequently below the standaid 
of 1 5 feet at high water, were Saltney, where the channel 
had been increased in width to accommodate shipping, 
and Upper Ferry, where it had been enlarged to suit the 
ferry traflfic. Out of 139 instances of deficient depth in 
the river, during the eight years, 65 had occurred at Upper 
Ferry and 38 at Saltney. It was found at Saltney that 
the vessels moored at Saltney wharves had the effect of 
increasing the scour on the bottom, and keeping the 
deep water close to the line of quays. An interesting 
result of the eight years' observations was, that the navi- 
gation between Chester and Connah's Quay, on the whole, 
\\i\s deejiest in February after the winter floods, and 
shallowest in September and October, which accords 
pretty much with my experience of similar rivers, and 
will, I believe, be found to be o^ general apijlication to all 
British rivers. 

It was found by Mr. Park, under whose immediate 
directions, as local engineer, the walls on the river 
nibble were constructed, that their foundations, with fe^ 
exceptions, did not sink more than a few feet below the 
sand, which I have also foimd to be the case m many 
other places where such walls have been formed in sandy 
bottoms. The fact of theii' being parallel to the tidal cui'- 
rents, and of low level, prevents any very severe scoi^^ 
from affecting their foundations, as the water, so soon '^^ 
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ope the wall, gets relief by flowing over their 
her aide of the channel ; but notwithstanding 
lis flow of the current over the vralls, the track between 
bem, being the deepest part of the river, will be found 
hvajs to aflbrd the beat navigable current, so that in 
lavigatiiig the channel there m no tendency for vessels to 
te eent acroea the walls ; indeed, I am not aware of a 
fil^e instance of sjiips fouling low training walls. In 
lemgning waUs for the lower part of the Dee, at Connah's 
(Jnay, Telford, with a view, no doubt, chiefly to making 
land, advised the River Dee Land Company to make 
tiieir hank much too high, and combined with it the old 
tmnaverse jetties. The wall at Connah's Quay is carried 
up nearly to high-water level, and the scour was so great 
that an unnecessarily large amount of stones was ex- 
pended in filling up the deep pools scoured below the 
level of the sand. In designing improvements for the 
Dee Navigation, in 1840, I recommended that the high- 
It-vel walls should be discontinued, and that a wall on 
l'>w level shoidd be adopted, similar to the works 
fi-iited on the Ribble, where considerable difficulty was 
I "imtered in introducing the low parallel waUs, as ex- 
Lined at page 18G. In forming these walls it will be 
f'Uiid necessary from tune to time to add additional 
^ Wones to make up slips, before attempting to pitch the 
I « fiwe of the wall. 



3. Closing Subsidiary Clianneh. 
le next work to be noticed is the closing of what I 
I subadiary channels, which are sometimes called 
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bcxh lakes or blind channels, and are caused by islands in 
the river, so that instead of flowing in one broad, deep, 
and navigable bed, kept open by the whole available 
scouring power, the river is divided into two shallow 
channels, neither of them affording a good navigation, 
while frequently a ford or shallow is deposited both 
above and below the island caused by the disturbance 
which occurs at the junction of the divided currenta 
The object of these operations will be understood from 
fig. 39, which shows a portion of the Tay. On the Tay 








»»»tn»^»* 




Fig. 39. 

and the Lune several such secondary branches were, with 
much advantage to the navigation, closed up by means of 
embankments, formed of gravel dredged fi:om the river, 
while the other or principal branch was enlarged and 
deepened, so as fiilly to compensate for the closing of the 
smaller channel, and assimilate its cross-sectional area to 
the rest of the navigable track. 

The closing of the streams behind the islands on the 
Tay, and turning the whole flow into one channel, was 
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not followed by a »ensU>le riae in the sur&ce or jlooding 
of the siiores in the augmented state of the river. But 
there could be no doubt as to the increase of Its velocity, 
Vfliich was very marked. For some time, indeed, it was 
r^imd that every flood wasted and cut the banks to such 
an extent aa rendered it impossible to draw the fishing- 
nets until the sectional area had been enlarged, and 
the current so reduced aa to admit of the banks being 
properly dressed and laid with broken stone, showing 
that there may not be any sensible increase of height 
in the surface, even when there is a considerable aug- 
mentation in the quantity of water discharged ; but see- 
ing that the increased velocity is due to increased slope, 
there must have been some elevation of the surface 
opposite to the closed entrance, so that it is not possible, 
as averred by certain philosophers of the Italian school, 
that a small river may enter a large one without increas- 
ing its sectional area.' The shutting up of all such lateral 
branches should invariably be preceded by a careful com- 
parison of accxuute sections of the two channels and the 
velocities of the currents running in them. 

The embankments aa shown in fig. 39 should be made 
at the upper end of the channel to be closed. They 
should be raised gradually across its whole width. They 
may be made of fascines or pile-work, when the bed is 
soft, and in cases where the dredgings fi'om the river 
Consist of heavy gravel, I have made banks by simply 
depositing the dredged materials across the mouth of the 
'-hannel, allowing the currents to scatter them to the 

' Bt Rha'a mnwb on Uiit ooBtrovwg |ft8L^^^^^^^^^ 
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proper slope. Dredgmgs so deposited from day to day 
liTu^^MyZ^Z^ to^l proper height, whi 
it can be forther strengthened from behind, by floating 

the punts at high water up the old channel, which may 
be left open at the lower end so as to allow it to silt up. 

4. Substituting Straight Guts for Bends. 

In rivers which follow a tortuous course navigation is 
sometimes greatly impeded by the abruptness of the 
bends, and the diflSculty of navigating a ship througlx 
them, and where practicable it is sometimes desirable to 
obviate this by forming straight cuts. This is an opeia^ 
tion, however, that must not be entered on without care- 
ful study of the tides and due consideration of the effect 
of the altered slope and currents on the river's bottom 
above and below the site of the cut. The levels should 
also be accurately determined and considered, as it maj 
happen that the substitution of a straight cut for a long 
detour may involve a rate of incUnation so steep as to 
iaduce currents injiuious to the bed and banks of the 
river, and iaconveniently rapid for navigation. Cuts 
have been formed with great advantage on some rivers, 
and I may particularly mention the Tees as a case where 
they have been successfully adopted. The Maudale Cut 
near Stockton was made, in 1810, and by a short course 
of 220 yards it cuts off a detour of nearly ^ miles, the 
navigation of which was exceedingly intricate. A second 
cut of 1100 yards in length was made on the Tees, in 
1830, to cut off the Portrack bend, another inconvenient 
detour in the river's course. 
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Probably the largest artificial water-channel that has 

lieen executed, is that for the diversion of the river Dee 

it Aberdeen, for the particulars of which I am indebted 

f' Mr. W. D. Cay, engineer to the Aberdeen Harbour 

TniBteea The Harboiu* Trustees, in the year 1868, ob- 

i;i!ned Pariiamentary powers to divert the river, and to 

iwilaim an area of land amounting to about 120 acres. Of 

tills area it is intended to reserve a portion as water space 

to serve in the meantime as a tidal basin, and subsequently, 

when required, to be formed into a dock. The remainder 

M will be embanked and formed into quays and streets, and 

^■partly feued for public works. The length of the new 

^Hj^anuel is 2000 yards, that of the old course being 2500 

^^feds. The bottom is excavated to a uniform slope of 



i in 1 300 downwards towards the sea, being parallel to the 

expected highest flood-line. The width of the channel at 

the bottom, as shown in fig. 40, is 170 feet ; the bank on 

the north side has a slope of 3 to 1 , and is protected with 

piles, clay, and stonework ; on the south side the slope 

has an inclination of 1 to 1 , this flat slope lieing arranged 

for the convenience of the salmon-fishings. The tops of 

the banks are 25 feet above the bottom of the channel, 

and the width at the level of the top of the banks is 495 

■H^et. The bottom of the channel at the upper end is 2 

^Rset, and at the lower end G feet below low water of ordi- 

^Hary spring-tides; high water of the same tide rises 12 

^Bbpt 3 laches above the luw-woter leveL 
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The amount of excavation of the new channel was 
about 1,036,000 cubic yards ; about 916,000 cubic yards 
were taken out dry by manual labour, and drawn out in 
waggons, the remainder, — 120,000 cubic yards, — being 
dredged 

5. Dredging. 
The introduction of even the simplest of mechanical 
appliances for excavating materials imder water, raising 
them to the sur&ce, and depositing them in baiges, was 
an important era in canal and river engineering. The 
first employment of machinery to effect this object is, 
curiously enough, like the discovery of the canal lock, 
cliedmed alike for Holland and Italy, in both of which 
coimtries dredging is believed to have been practised be- 
fore it was introduced into Britain, and the moving power 
at first employed was, it need hardly be said, manual labour. 
Bag and spoon The Dutch, at a very early period, employed what 13 
"^ termed the « bag and spoon " dredge for cleaning their 

canals. It was simply a ring of iron, about 2 feet in 
diameter, flattened and steeled for about one-third of its 
circumference, having a bag of strong leather attached to 
it by leathern thongs. The ring and bag were fixed to a 
long pole, which, on being used, was lowered to the 
bottom fix)m the end of a barge moored in the canal or 
river. A rope made fest to the iron ring was then wound 
up by a wiadlass placed at the other end of the barge, 
and the spoon was thus dragged along the bottom, and 
was guided in its progress by a man who held the pola 
When the spoon reached the end of the barge where the 
windlass was placed, the winding was still continued, and 
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ending rope being nearly perpendicular, the bag 

1 raised to the suriace, bringing with it the stuff exca- 

l while it was being drawn along the bottom. The 

s being atlU wrought, the whole was raised to the 

mwale of the barge, and the bag being emptied, was 

, hauled back to the opposite end of the barge, and 

for another supply. This system is slow, and 

|)ly adapted to a limited depth of water and a sofb 

It has, however, been generally employed in 

Is, and much used in the Thames and at the Foss Dyke, 



-Mi-__^„^ 



«; 



J to want of space and other peculiarities, I found 
t could be usefiilly employed when the steam-dredge, 
tough built expressly to suit the contracted limits within 
bich it had to work, could not be used. The quantity 

nused at the Foss Dyke, by manual labour, in this way, 

was about 135,000 tons, and the cost did not exceed 7^d. 

per ton. Fig. 41 shows the manner in which the bag and 

Bpoon were employed. 

Another plan, practised at an early period in rivers of Droigingby 

considerable breadth, waa to moor two large barges, one t« hq i*o 



un either side ; between them was elung an iron dred^ng 
bucket, which was attached to both barges by chains 
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wound round the baxrels of cmb-winches worked by six 
men in the one baxge. and a simple windlass, worked by 
two men, in the other. The bucket bemg lowered at the 
side of the barge carrying the windlass, was drawn by the 
crab-winch on the other barge across the bottom and up 
a sloping platform, which was lowered to the bed of the 
river, and was ultimately emptied in the barga It was 
again lowered, and hauled across by the opposite wind- 
lass for a repetition of the process. This plan of dredg- 
ing was adopted in the Tay tUl 1833, and fig. 42 will 





Fio.42. 

give a pretty good idea of the manner in which the 
apparatus waa worked. The dredging-spoon is shown on 
a large scale at the foot of the cut. 

These early efforts^ as perhaps they may be called, at 
dredging, are, I think, worthy of being recorded, and will 
be interesting as compared with the more perfect machi- 
nery used in the present day, some of which I shall have 
to notice, 
steam dredges. In all laxgo Operations, these and other primitive ap- 
pliances have now, as is well known, been almost super- 
seded by the steam dredge, which was first employed, it is 
believed, in deepening the Wear, at Simderland, about the 
year 1796. The Simderland machine was made for Mr. 
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^H^w l>y Boulton and Watt.' Receiving improvementa 
^^RMt. Hughes, Mr, Rennie, Mr. Jesaop, and others, 
^^Beam dredge, as now generally constructed, is a most 
^^Hftil machine in ekiliiil hands, excavating and raising 
^Hrials frcan the depths of 15 to 30 feet of water, ac- 
^Htig to the size of the machinery, at a cost not very 
^Hent from, and in some cases even less than, that at 
^^Bi the same work could he performed on dry land. 
^^&a to the nature and extent of work that may he 
^Hoplished by dredging, I may state, generally, that 
^^kt all mateiiala, excepting aoUd rock or very large 
^H^lers, may be dredged with ease. Loose gravel is 
^Hahly the most favourable material to work in ; but a 
^^■rfiil dredge will readily break up and raise indurated 
^Hi of gravel, clay, and boulders, and even find its way 
^Hugh the surface of soft rock, though it will not pene- 
^^B very San: into it. In such cases it is usual to alter- 
^B on the " bucket-frame " a bucket of sheet-iron, for 
^Hog the stuff, with a i-ake or pronged instrument for 
^Bbrbing the imttom. 

^^ffiand dredges have been used by Messrs. D. and T. iiaiia<i™dgoa. 
^wveuson at several places, by means of which even dis- 
uitflgrated or rotten rock has, at least to a limited depth, 
''•^''n raised ; and I beheve that in very many cases the 
'I'f'aces of Bubmei^'ed rocks may, by means of such 
■I'lchines, be to a small extent broken up and removed, so 
^ to obtain in certain situations a considerable increase of 
'ippth, without recourse to cofferdams, which involve 

' Snq/elopirdia of Civil Engineering, by Edward Crea»y, London, 1847: "The 
"fwlpng HAiiliine," Wealu'i Quarterly Papern, Part i, London, 1843 ; TAe /m- 
P*WBr»li//A<! Port o/London. by B. Dodd, Engineer, 1798. 
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great expense, as well aa mterruption to the traffic Tliese 
small dredges are worked by seven or twelve men, snd 
cost about £2Z0 to JE390. They can work in a depth of 
about 1 6 feet, and can raise ordinary deposit at a cost of 
Is, 6d, to 23. per ton. 

The construction of large river steam-dredges is now 
carried on by many engineeiing firms, each one naturally 
advocating his own arrangement of parts, and conseqoait 
superiority of performanca 
10 For details aa to the amount and cost of work done 
on a river where much dredging is annually performed, I 
perhaps cannot do better than refer to the Clyde, for in 
no river has dredging been more extensively or suocees- 
fixlly employed. I am indebted to the kindness of Mr. 
James Deas, the engineer to the Trustees of the Clyde 
Navigation, for the following information regarding the 
apparatus employed, and the extent and cost of the work 
done, which will be found both interesting and valuabk 

Mr. Deas says truly that the Clyde Truatees employ 
probably the largest dredging fleet of any trust in the king- 
dom, in maintaining and still deepening and widening the 
river, to meet the ever increasing demands of the shipping 
trade. 

Last year 904,104 cubic yards, or about 1,130,000 
tons, were dredged fi-om the river, of which 689,500 cuUc 
yards were carried to sea by steam hopper bargee, and 
214,544 cubic yards deposited on land by means of punU 
Of this 904,104 cubic yards, 345,209 cubic yards were de- 
posit irom the higher reaches of the river and it« tribu- 
taries, and fixim the city sewers, and 558,895 cubic 
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new material The total coat for dredging and depositing 
was £35,4i8, or about 9"41 pence per cubic yard. 

Owing to the diflerence in power of the dredging 
inachines employed, and the character of the material 
lifted, the cost of dredging varies much. Last year the 
most powerfid machine, working 2420 hours, lifted 430,240 
cubic yards of silt and sand, at a cost of 2'60 pence per 
rard, and this was deposited in Loch Long, 27 miles from 
CJlaagow, by steam hopper barges, at 5"46 pence per yard. 
On the other hand, another dredger working 2605 hours, 
lifted only 26,720 cubic yards of hard gravel and boidder 
clay, at the cost of 20'8 pence per cubic yard, which was 
deposited on the alveua of the river, at the cost of 17'46 
pence per cubic yaid ; another, working 1831^ houra, 
iifled 122,fjG4 cubic yards of sUt, sand, and sewage 
deposit, at the cost of 5 "67 pence per cubic yard, which 
wna deposited on land at the cost of 16"40 pence per 
cubic yard ; and another, working 2233 hours, lifted 
65,100 cubic yards of till, gravel, and sand, at the coat of 
5'89 pence per cubic yard, which was deposited on the 
alveus of the river at the cost of 983 pence per cubic 
yard. 

The total quantity dredged from the river during the 
twenty-seven years amoimts to 1 3,6 1 7,000 cubic 

La, or upwards of 17,000,000 tons. 

The dredging plant of the Trustees comprises 6 eteam 
14 steam hopper barges, 1 tug steamer, 3 
BTing-bells, 270 punts, and numerous row boats. The 

tenditure for wages of crows, coal, and stores, amounted 
t year to fully £14,000, and for repairs £10,775. 
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The value of the dredging plant employed is about 
£140,000. 

Mr. Deas has also kindly iumished the followiLg 
tables, from which the reader will see the gradual increase 
that has been made on the size of the dredging machines 
to meet the increased depth of water and growing neces- 
sity of increased accommodation for the larger class of 
vessels which now frequent the river :— 

General Dimensions of Dredgers Employed on the 

Clyde in 1872. 



No. 
1 


Year 
biiUt 


Length. 


Breadth. 


Depth. 


H.P. 
40 


Greatest 
depth can 
dredge in. 


Single or 
doable 
bucket 
ladder. 




1851 


Ft in. 
99 9 


Ft in. 
32 4 


Ft in. 
10 


Feet 
22^ 


Double 


Pont Loftding Macbine. 


5 


1841 


95 6 


22 6 


10 4 


24 


18 


Single 


Do. Do. 


6 


1855 


121 


33 6 


10 


40 


25 


Doable 


Hopper Bftige Do. 


7 


1860 


108 6 


23 6 


9 


25 


25 


Single 


Pnnt Do. 


8 


1865 


161 


29 


10 


75 


28 


Do. 


Hopper Barge Do. 


9 


1871 


1610 


29 


10 


76 


30 


Do. 


Do. Do. 



No, 8 Dredger — 
Length, 161 feet. 
Breadth, moulded, 29 feet 
Depth, 10 feet. 
Engine, 75 horse power. 

Cylinder, 48 inches diameter. 
Stroke, 3 feet. 
One bucket ladder, 90 feet 9 inches between centres. 
Size of buckets, 3 feet 3 inches X 2 feet 5 inches X 1 foot 1 1 

inches. 
When working in sand, can lift 190 cubic yards per hour. 
Greatest depth can dredge in, 28 feet. 
Working draught, 6 to 7 feet. 

Wages, per day of 10 hours — Master, 7s. ; mate, 3s. 9d. ; engi- 
neer, 6s. 8d. ; firemen, 3s. 8d. ; assistant do. and coot* 
3s. 4d. ; bow crabman, 3s. 4d. ; stem do., 3s. 4d. ; d<^^^ 
hands, three at 3s. 2d., one at 3s. ; watchman, 3s. 
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Coals, per day of 10 hoars, 65 cwts. 
Tallow, „ „ 2 lbs. 

Oil (Lard), „ „ 16 gills. 

Waste, „ „ IJ lbs. 

Hopper Barge — 

Lengtli, 145 feet. 

Breadth, moulded, 25 feet. 

Depth, 11 feet 9 inches. 

Engines, 40 horse power. 

Draught, light (average), 5 feet 6 inches. 

„ loaded, 11 feet. 
Speed, 8 to 9 miles per hour. 
Cargo, 320 cubic yards, or say 400 tons. 
Average distance run, loaded, 20 miles. 
Wages, per day — Master, 78. ; mate, 4s. 6d. ; engineer, 58. lOd. ; 

fireman, 3s. 6d. ; deck hands, three at 38. 4d. 
Coals, per day of 10 hours, 70 cwts. 

Tallow, „ „ 5 lbs. ' 

Oil, „ „ 20giU8. 

Waste, „ „ 2 lbs. 

Quantity and cost of dredging done by No. 8 Dredger during year 
ending 30th June 1871 : — 

Wages, £678 

Coals, 371 18 3 

Stores, 182 7 1 

£1232 5 4 
Repairs, 1669 6 11 

£2901 12 3 
Interest and depreciation — 

Cost of dredger, £17,653, at 10 per cent, 1765 6 

£4666 18 3 

Time worked during year, 241 9f engine-hours. 
Sand, silt, till, and gravel lifted, 430,240 cubic yards. 

u,tmhomn, = ^^^'®^ *"^^" y"^ "^ p"' ^°"- 

£4666 18 3 „ ^^ _, , . , ,.* , 

430.240 cubic yard ^. ^'^^ P*""* ~^ ^' '^^''' J^ ^'^^ 
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Quantity and cost of conveyiog and diachar^ng the total dredgings liftod 
hy "Sob. 6 and 8 Dredgers daring the year ending 30th Jnne 1 87 1 — 
Wages, coals, and stores, £6917 5 
Repairs, . . 3256 7 9 

£10,172 8 3 

Interest and depredation — 

Cost of 10 Hopper Barges, £61,610, at 

10 per cent. 6151 



£16,323 8 3 



£16,323 8 2 



6'46 pence cost per coMc yard. 
' total dredgings conveyed. 



673,240 cubic yards, 
iVbfe. — Four Hopper bai^ are required to keep one dredger in 
constant work. 



Abstkact of the Quantity and Cost per cubic yard of Dredging and 
Depositing during the year ending SOUi June 1671. 



Dredgei, .to. 


NitnnDTitiiir, 

ud obsre 


t 

1 




Fmce pD cuUd yanL 


1 


hi 
W 


1 


1 




ToUI 
COM. 


No. 1 Dredger 


Sanrl, silt, and 
sewage from 
Gla-tgow har- 
bour. 


122,684 


60-96 


6-67 




2-sa 


1000* 


3B2 


22-07 




viil,anitsnnd, 
frojii Enikiiie 


6C,1G0 


20-13 






1-70 


b'ul 


2-05 


16 72 


No. a Do. 


Sand clny.-'iiiil 
mud, from Pt. 


243,000 


S3-ia 


a-s« 


C'4S 








8-82 


No. 7 Do. 


Hani till and 
cldy from &■ 
Bltine Ferry, 
Eldemlifl.eto. 


26,720 


10'26 


aj-ai 




2-34 


6-42t 


S-70 


88-97 


No. 3 Do. 


Saad,BiIt,till, 
and gravol, 
fromaTaagow 
and BowTing 


430,240 


177-80 


2'60 


6-48 






... 


8-09 








































10 Hopper 




















Tog Bteuncr, 


... 








... fa 









Nos. ], G, and 7 are puat-loadiog machiaea. Nos. 6 and 8 are hopper barge mochiDes. 

* Contrattor'i price fur dlwhugliie at Bljthemood Park, intliidiiit iHp d«*i, afid maggMing a 
dlMatta oj about ) nili. 

t DlKhor^ng b; Tnutan' mtn on river baoki uearEnklne Pen;, ty taocUivpuBbaiuf vtaUnf. 
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Mr. Murray baa ^ven me the following tabular view DnJgingontiia I 
r the dredging of the Wear at Sunderland, which is also 
k interesting record of the quantity and cost of material 
I by a dredging machine ; but this view is not given 
by way of comparison with the preceding, as there is no 
analogy between the cases. The contracted state of the 
Clyde, the frequent interruptions to which the work was 
subject by the constant passage of vessels, the expense of 
removing and depositing the stuff, and the higher rate of 
wages, must necessarily have increased the cost of exe- 
cuting the work in that situation. 



TABUi^Aa View of the Dredging of the Wear at Sunderland 
IN 1842-46. 



iS42 

iSU 
18« 
I84« 


iwnnM. 


niitng Bnd 


SSL 


for RepiLn 


for Rr[adni 
pmummn. 


Total 


E5£ 


Tona 
128,24S 

141,325 

90,980 

101. OTG 

140.350 


923 I 2 
87916 
G6713 4 
721 
724 G 4 


e : d. 
lit 

70 

G6 6 9 

G6 7 6 

G8 2 6 


£ •. d- 
754 IS 
503 13 4 
259 2 I 
336 8 
500 17 2 


704 1*7 li 
786 13 11 
603 9 10 
527 7 10 
520 3 2 


e, ,. d. 
2492 IS I 
2240 3 3 
1456 11 
1661 12 4 
1803 8 1 


Pen™. 
4-666 
8-804 
3 842 
3-921 
3-083 


1S42 
to 

1846 


Ht-nce tbe average cost per ton on fiva yenre' work — 
Par ruaing nod depoBiting at acm . 

For fuel, 

For labour in repnire, .... 


•=1-628 
-0 149 
-0-943 
= 1'243 




Ave 


rage total 


Bzpenditn 


re, 


■ 


= 3 '863 



This is perhaps the best place to mention some ira- imrrovemenU 
provements that have been suggested on the present, or dtaXea. 
I may, I suppose, term it the old, style of dredge, and the 
first that I shall mention is that of Messrs, Simons and 
Company, London Works, Renfrew, who have had very 
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large experience in the construction of dredging apparat 
They have patented and constructed what they I 
called a hopper-dredge, comhining in itaelf the advantai 
of a dredge for raising the material, and a screw hopp 
vessel for conveying it to the place of discharge, both 
which services are performed by the same engines and t 
same crew. In contracted rivers and exposed bare at 
channels, the convenience of dispensing with hopper-puc 
lying alongside and chafing a large unwieldy dredj 
must on some occasions be desirable, and the arrangeme 
also secures the advantage of delivering the stuff at t 
level of a few feet above the deck, thus avoiding the loi 
bucket-ladder and high level of discharge required f 
deUvering into punts or barges, moored alongside t 
dredge. But the chief advantage which the patente 
claim is a considerable saving of expense, not only 
dredging, but in depositing the stuff at a distant pcai 
such as Loch Long in the Clyde, and, if this saving c 
be satisfactorily established, there is much to com 
the use of such crait as they have patented, especially 
a crowded navigation. 

Another of the recently suggested improvements 
that by Mr, C. Randolph, who, in 1870, proposed I 
instead of the oidinary dredging-buckets, pipes should 
lowered until they came into contact with the sand 
mud at the bottom. The tops of these pipes were to 
in communication with powerftil centrifiigal pumps, 
that the velocity of the inflowing water through the pip( 
could be made bo gi-eat as to carry with it a lai^ pa 
centage of the sand or mud from the bottom, and wh 
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Le solid matter, and the water in which it is suspended, 
I raised to the desired height, they wosld flow freely 

a any required place for deposit of the suspended material. 

llr. Thomas Stevenson, in his book on Harbours,' states 
that Mr. Duncan, the late engineer of the Clyde Navi- 
gation, had given Him an extract from a report hy M. Le 
Ferme, dated 30th September 1859, on the result of a silt 
pump of 20 horse-power, sunk 18 inches into the mud, 
proposed by M. Gache at St. Nazarie, which did its work 
cfiectively. 

Another arrangement ia that of raising the material Dredgtng ut 
by buckets in the ordinary way, and thereafter receiving saa choaie. 
it in a vessel and floating it ofi' by pipes to the place of 
deposit. This of course can only be done where the place 
of deposit is close to the spot whence the material is 
dredged. Two plans have been proposed for effecting 
this. One of these has been used on the Amsterdam 
Canal, where the stuff is discharged ftcm the buckets into 
a vertical cylinder, and is there mingled with water by a 
revolving Woodford-pump, and sent off under pressure 
to the place of deposit in a semi-fluid stat«. At the Am- 
sterdam Canal this was done by pipes made of timber, and 
hooped with iron like barrels. These wooden cylinders 
were made in lengths of about 15 feet, connected with 
leather joints, and floated on the surfiice of the water, con- 
^eying the stuff to the requisite distance, like the hose 

f a fire engine, under a head of pressure, I believe, of 4 
tir 3 feet, and depositing it over the banks of the canal 
A somewhat similar process was used on the Suez Canal, 

^^_ I The Cotialruclioii of Ifariiouri, by T. SteveiLBon, Civil Eugiueer. ^^^^^^^^^J 
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not, however, by mhag pumps, but aiinply by 

the stuff to the banks on steeply inclined sboote, 
were eiipplied with water when the materia] raised 
not contain sufficient water to cause it to run 
Another pLan is that on which Messrs. Simons and Com- 
pany are now constructing a dredge for 'Egypt, in whicli 
the stuff is to be propelled by jet-pumps, forcing a power- 
ful stream of water through the dischai^ pipes, He 
dred^ngs will be conveyed by this means for a distance 
of two or three hundred feet on either side of the dredger, 
and at a considerable elevation. 

It is obvious, however, that these arrangements can 
only be applied in situations where the material to be c:- 
cavated is not of a hard nature, and where the place of 
deposit is close at hand. I can conceive, for example, 
keeping clear the Suez Canal, that such appliances 
be very tiaeftJ, as the soft deposit of the canal has only 
be raised and projected over the banks on either side. 
But this is not the place to discuss the claims of different 
inventors, which perhaps can only be settled by the actual 
performance of these arrangements when ftdly tested bj' 
practice. Having thus briefly noticed them I shall not 
dwell fiuther on the subject, but conclude with a few 
practical observations on dredging as more immedlat 
applicable to the rivers of this country. 
Longitndinai In river dred^g two systems are pursued. One p 

(irodging. consists in excavating a series of longitudinal fii 
parallel to the axis of the stream, the other in < 
cross furrows from side to side of the river. It is fo' 
that inequahties are left between the longitudinal furroi 
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when that system is practised, which do not occur to the 
3 extent in side or cross dredging, and I have invari- 
ably found cross dredging to leave the most uniform 
bottom. To explain the difference between the two 
Bystems of dredging it may be stated, that in either case 
lie dredge is moored from the head and stem by chains 
aJjout 250 fethoms in length. These chains, in improved 
dredges, are wound romid windlasses worked by the 
engine, so that the vessel can be moved ahead or astern 
by simply throwing them into or out of gear. In longi- 
tudinal dredging the vessel is worked forward by the 
liead chiun while the buckets are at the same time per- 
forming the excavation ; so that a longitudinal trench is 
Blade in the bottom of the river. When the dredge has 
proceeded a certain length, it is stopped and pennitted to 
drop down and commence a new longitudinal furrow, 
|>anillel to the first one. In cross dredging, on the 
other hand, the vessel is supplied with two additional 
moorings, one on either side, and these chains are, like 
the head and stem chains, wound round barrels wrought 
iby the engine. In commencing to work by cross dredg- 
ing, we may suppose the vessel to be at one side of the 
[ihaimel to be excavated. The bucket-frame is set in 
motion, but instead of the dredge being drawn forward 
r the head chain, she is drawn to the opposite side of 
he river by the side chain, and having reached the 
stent of her work in that direction, she is then drawn 
t few feet forward by the head chain, and, the bucket- 
hinie being still in motion, the vessel is hauled back 
iio by the opposite chains to the side whence she 
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started. By meanB of this transvene motioii of ib 
dredge a seiieB of crosB fturrowB is made ; she takes oot 
the whole ezoavation from side to side as she goes oiii 
and leaves no protdberaiuses such as aie fbond to exat 
between the fuirows of longitudiiial dredgiiig, even lAm 
it is ezecated with great can. The two ajstems will be 
best explained by referenoe to fig. 48, wheEe A and B 
are the head and stem moorings, and D and G the ode 
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moorings ; the arc ef represents the oourse of the TesHl 
in cross dredging ; while in longitudinal dredging, is 
already explained, she is drawn forward towards A, aod 
again dropped down to commence a new longitudinal 
fiirrow. 

In some cases, however, the bottom is fomid to be too 
hard to be dredged imtil it has been to some extent 
loosened and broken up. Thus at Newry, Mr. Bennie, 
after blasting the bottom in a depth of from 6 to 8 feet 
at low water, removed the material by dredging, at an 
expense of from 48. to 5a per cubic yard. The same jko- 
cess was adopted by Messrs. Stevenson at the bar of tbo 
Erne at Ballyshannon, where, in a situation exposed to 
a heavy sea, large quantities of boulder stones weie 
blasted, and afterwards raised by a dredger worked by 
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ii.tnd at a cost of about 10a 6(i per cubic yard. But the 
most extensive application of blasting, preparatory to 
ilredging, of which I am aware, was that on the works for 
improving the Severn, by Sir WUliam Cubitt, of which 
an interesting and instructive account is given by Mr. 
George Edwards, in a paper addressed to the Institution 
•jf Civil Engineers, from which the following particxilars 
are taken ;' — 

" It appears that a succession of marl beds, varying 
from 100 yaids to half a mile in length, were found in the 
Lhiinnel of the Severn, which proved too hard for being 
dredged, the whole quantity that could be raised being 
only 50 or GO tons per day ; while the machinery of the 
dredges employed was constantly ^ving way. Attempts 
were first made to drive iron rods into the marl bed, and 
to break it up ; a second attempt was made to loosen it 
by dragging across its surface an instrument like a strong 
though. But these plana proving imsuccessful, it was 
ermined to blast the whole sxirfece to be operated on. 
I marl was very dense, its weight being 146 lbs. per 
IbIuc fbotj' and it was determined to drill perpendic\ilar 
Ijores, 6 feet apart, to the depth of 2 feet below the level 
i4' the bottom to be di'edged out. The bores were made 
m the following manner, fi^m floating rafts moored in the 
river :— Pipes of ^inch wrought-iron, 3J inches diameter, 
were driven a few inches into the marl. Through these 
pipes holes were boi-ed, first with a l^inch jumper, and 
then with an auger. The holes were bored 2 feet below 

' "Account of Blurting on the SaTern," by Goorge Eilwanls, C,E (MinuUt 
\ff Pmeeoliniia of IiutUilUm 0/ Civil engUieern, vol, i*. p. 361.1 

) CUy weighs ^bont 109 lb., sad siutd«toiie aliout I5S lb., per cubic foot 
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the proposed bottom of the dredging, as it was expe 
that each fihot would dialocate or break in pieces 
of marl of a conical form, of which the bore-holc wouli 
the centre and its bottom the apex ; so that the adjoil 
shots would leave between them a pyramidal pie 
marl where the powder would have produced little 
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effect. By carrying the shot-holes lower than the 
tended dredging, the apex only of this pyramid was 



Yv 



* * 

X k 



ft I. 






to be removed ; and in practice this was found to ] 
but a small impediment. Fig. 44 is a section <^|tj 
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I .s ; and fig, 45 a plan, in which the inner dotted 
: loa represent the diameters of the broken spaces at 
' level of the bottom of dredging. The cartridges were 
; liied in the ordinary way, with canvas, and fired with 
i kford's fiiBe. The weight of powder used for bore- 
lea of 4 feet, 4 feet 6 inches, and 5 feet, were respec- 
- ;!y 2 lbs., 3 Iba., and 4 lbs. The effect of the shot was 
iierally to lift the pipes, which were aeciu^d by ropes 
■ 1 (be rafts, a few inches, Mr. Edwards says that not 
■ in a hundred shots missed fire, and these shots were 
lerally saved by the following singular expedient : — The 
"lilted end of an iron bar, ^inch diameter, was made 
rv'd-hot, and being put quickly through the water, and 
driven througb the tamping as rapidly as possible, was, in 
"ine cases out of ten, sufficiently hot to ignite the gun- 
i^der and fire the shot, 
" The cost of each shot is calculated as foUows : — 

Use of materia! £0 10 

Labour, 3 3 

Pitched bag for charge, . , , . 3 

3 lbs. of powder at 5 Jil 1 4i 

15 feet of patent fuse at y'^tha of !i penny, . 9 

Pitch, tallow, twine, cooIb, etc., . . . 4J 

Cost per shot, . . £0 7 
Saoh shot loosened and prepared for dredging about 4 
nil)ic yards ; eo that the cost for blasting was la, 9d, per 
ywtL The cost of dredging the material, after it had 
Wu thus prepared, was 2s, 3d. ; making the whole 
fbarge for removing the marl 4s. per cubic yard" 

Mr. J. Coode, in August 1871, made some interesting 
■^jierimenta on blasting below water, at St. Heliers, 
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Jersey, the result of wluch he has kindly communicata 
to me. The object Mr. Coode had in view was to d 
staate the feasibility of removing a mass of rock t^ 
bdow low water by means of compressed gun-cottoi 
without drilling hol^ for the intertion of fhe chaTgtt,i 
in ordinary quarry blasting. 

The rock upon which the trials were made at Jer 
coodisted of a hard syenite, with veins of trap; 
rock, as a whole, was very compact, but numerous anaB 
" heads " or Joints were interspersed throughout the moM 
— a circumstance, doubtless, greatly in fevour of the rend 
ing or "shivering" action peculiar to gun-cotton in t 
fx>mpre3sed form. 

Tin canisters, conteuning chaises of 5 lbs, and 10 U< 
of compressed gun-cotton were prepared for these tri: 
by Messrs. Prentice, of Stowmarket. They were fir 
simultaneously, in sets of three at a time, by means of 
magneto-electric apparatus. The chaises were placew 
upon the surface of the rock to be acted upon, and, as fei 
as practicable, in crevices or hollows. They were fired aB 
such times as to insure a great " head " of water, in ortls 
to obtain the greatest possible advantage from the dowi 
ward action of the explosive compound. Tlie results 
the experiments at St. Heliers led Mr, Coode to belid 
that about 3 tons of the rock below low water at thi 
place may be blasted and rendered in a fit state for liftiB 
by each lb. of gim-cotton employed in the manner abot 
described. It was, and still is, Mr. Coode'e intention 
try the comparative effect of " htho-fracteur " and gal 
cotton, but he has hitherto been prevented from doing 
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liy the stringency of the " NJtro-Glycerine Act " of 1869, 
which inakea it a penal offence to import, convey, or 
manufacture nitro-glycerine or any of its compounds 
within the United Kingdom, unless by special license 
from the Secretary of State, but no such license can be at 
present obtained as regards litho-fracteur. 

In Bome cases dredging has to be conducted in DTOiging jd 
exposed situations, such as the deepening of the " flats " "tiwXus. 
at Londonderry and the bar at Carlingford. The 
process of dred^ng at the Foyle could not be con- 
ducted when the waves exceeded 2^ feet ; and Mr. 
Barton at Dundalk so fer confirms this, as he esti- 
mates a swell of 2 feet as the highest to worli in. Mr. 
Barton states that the bar at Carlingford, which is 
very exposed, consists of hard blue clay, with a coating 
' large boulders. The dredger employed was built by 
isn. Simons and Co. of Renfrew. She is 157 feet 
I length, 27 feet beam, and 9 feet 6 inches in depth. 
Her bucket-ladder is 90 feet long, with 42 buckets, and 
B dredges in 35 feet water. She has an engine of 50 
lorse power, and her work varies from 100 to 4000 tons 
r day, but her average work is 1000 tons per day, and 
lahe has brought up with her buckets boulders weighing 
1 tons. All stones above that weight are removed by 
I divers. 

6. Excavation. 

But there are cases where the bottom cannot be 
dredged, and where it is necessary to have recourse to 
other appliances for its remov^, sudi aa the diving-bell 
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By Diving-beu. or diving-helmet, and cofferdams. The diving-bell has, 
in conjunction with dredging, been much used on the 
Clyde, and Mr. Bald gives the foUovnng accoimt of the 
operation as conducted on that river : — 

"Between Erskine Ferry and the New Shot Isle 
the bed of the Clyde, for a distance of 2000 yards, was 
greatly encumbered with boulders, which were highly 
injurious to vessels if they grounded there; and fre- 

,1% k.«e dupe, in be4 Wged ii-^ O^ part 
of Jn,LkSd. had Zir^r x2^ injZ 

when they touched the rocky channel-bed. In deepening 
and cleaxing this part of the river, two diving-bells were 
employed, and one, and sometimes two, steam dredgers. 
The clearing and deepening of this channel was exceed- 
ingly severe on the machmeiy and working gear of the 
steam dredgers ; the speed of the engines was therefore 
governed by the nature of the material in the bottom, 
and although the iron-work frequently gave way, yet 
spare links and buckets being always ready to replace 
those which broke, there was little interruption to the 
continuous working of the dredgers. When the dredgers 
had cleared away the material which covered the boulders 
in the bottom of the channel, the diving-bell boats were 
worked over the groimd so cleared, removing all the 
larger boiilders ; and when that part of the channel had 
been cleared of them, the dredgers went again over the 
same bottom, removing all the lighter material fix)m the 
heads of the lower boTilders, preparatory to the bells com- 
mencing again; and these operations were continued until 
the necessary depth was attained. 
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The buckets of the steam dredgers, in working along 
the bottom, always slipped over the head of the large 
boiddera, which the diving-bells aJone coidd lift and re- 
move. Some of these masses of trap or whinstone were 
4 and 5 tons in weight, and from their rounded forma 
and smooth Burfaces, it was evident that they bad been 
brought fix)m some distance. Some of them were of 
sandstone, but they were more angular than the trap 
boulders. Quantities of these boulders, lifted from the 
bed of the channel, might be seen lying along the aides of 
the river ; and many of them had since been spht and 
broken up by gunpowder for repairing the river dykea 
The tops of some of the large boulders lifted from 
the bed of the channel were found grooved to a depth 
of about an inch or more, by the ships' keels having 
been rubbing over them ; and metaUlc particles were dis- 
tinctly to be seen upon their surface. In removing these 
boidders icora the bed of the channel, the diving-bell men 
found numerous fiiigments of copper and iron which had 
been torn off the ships' bottoms and keels by the lai'ge 
fltones ; but latterly this had not been the case, as great 
progress had been made in the removing of the boulders, 
aud the deepening of the channel" 

Large isolated masses of stone have also been removed By Fioaintion 
en masse by fixing louises in them, and raising them by floats 
ataon. On the Tay many boulders were raised in this 
manner, one of which weighed upwards of 50 tons. Where 
ft large area and considerable depth of soUd rock has to 
be removed, it will generally be found most advantageous 
to employ cofferdams ; but the chief objections to the use 
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of dams in the narrow channels of rivers are the incon- 
venience they cause to shipping by increasing the cur- 
rentSy so as to render navigation past them difficult or 
dangerous, and the obstruction they offer to the discharge 
of water when the river is in high flood. An illustration 
of this occurred at the Bibble, near Preston, where a 
solid band of red sandstone, upwards of 300 yards in 
length, crossed the river and restricted the navigation, 
even at highest springs, to "lighters" or "flats" of 
small draught ; and, in order to gain the requisite depth, 
it was foimd that an excavation of the maximnm depth 
of 13 feet 6 inches must be made through this solid bed 
of rock. It was originally intended to form a temporary 
channel, and to divert the river while the excavation was 
being made, but the rock was foimd to extend beyond 
the river's bank, and even to rise in level on the adjoin- 
ing ground, and there seemed to be no other course open 
By coffeidams. but to oroct a coffeidam in the navigable chaoneL In 
doing this, however, there were two difficulties to contend 
with ; for not only had the dam to be fixed on a rocky 
bottom, but the narrowness of the river, and the necessity 
of preserving a channel for flood-water, and occasional 
passage of a " lighter," left only a very narrow space for 
a foimdation on which to construct it. To overcome this 
double object, I designed a cofferdam, which was found 
to answer the requirements of the case.^ It consisted, as 
shown m fig. 46, of two rows of iron rods, 3 feet apart, 
jumped into the rocky bottom, and supporting two 

1 ** Description of a Cofferdam adapted to a Hard Bottom,*' by David Steven- 
son, C.E. {Trcms. of Inst, of Civil Engineers, voL iii. p. 377.) 
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linings of planking, the mtennediate space being fiJle) 
■with clay, and the whole stmctiire being stayed from tlw 
inside, ao as to present no obstruction beyond the oiit( 
line of the dam. Three daras of this constmctlon wei 
formed in the Ribble ; and by means of them a bed i 
rock, 300 yards in length, and of a maximum depth of 1 
feet 6 inches, was successfully excavated. The majcimun 
depth of water at high water against the dam was 1( 
feet, but in very high river floods the whole dam ' 
sometimes completely submerged ; but on the water sul 
siding, it was found that the iron rods, on which alone i1 
stabihty depended, although only jumped 15 inches into 
the rock, were not drawn from their fixtures. On oo 
occasion, on visiting the works, I found the river in hi^ 
flood, the dame submerged, not even the tops of the ii 
rods being visible, and a very strong current i 
over them ; but on the water sTibsiding they were fouM 
to have sustained no damage. This construction of dam 
completely overcomes the difficulty of fixtures in a hard' 
bottom, where piles cannot be driven, and ofiers veiy 
little obstruction to the navigation. I have used dtcm 
of the same construction in other works, and have ii9 
doubt they will be found generally applicable to sittia« 
tions where there is a hard bottom and limited Bpa<?e. 

7. Scouring. 
The removal of hard portions of the bed of a river 
dredging or cofferdams, and the direction of the cIiOluK 
by low waUs, are operations which are in themselvea ij 
provementa ; but they fui-ther operate beneficially 
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causing the currents to scour the softer parts of the 
rivers bed. Thus I have found that by dredging a few 
hundred yards of hard material, or erecting a short wall, 
thousands of tons of soft material are scoured away by 
the action of the current alona In all river improvements 
this is an effect which should be fully taken into considera- 
tion by the engineer, especially in forming estimates ; and 
its importance will be apparent on inspecting the section of 
the river Lune {Plate VIII.) By da-edging the upper shoals 
of that river, which are marked in hatched lines in the 
section, the whole lower part of the river was deepened 
by the natural scour, without entailing any expense in its 
removai To facilitate this scour, a species of harrow has 
sometimes been applied, which is drawn to and fi-o by a 
ttig-steamer across the bank to be removed. This system 
was extensively employed by Captain Denham in opening 
the Victoria Channel at the Mersey ; it was also employed 
by Measra Stevenson at the Tay ; but it is obvious that 
it can only be advantageously used where there is deep 
water in the immediate neighbourhood of the bank to be 
removed, in which the sand and mud disturbed by the 
harrow, and carried off by the current, may be deposited 
1 have found that the process of natural scouring has, in 
some situations, continued in operation for many years after 
the completion of the original work, the low-water level 
of the river continuing gradually to sink ; and, as this 
process goes on, it sometimes happens that hard portions 
of the bottom, ori^nally covered, become gradually ex- 
posed. Such obstructions are, in feet, hard portions of 
the bod brought to hght, in consequOTC^^^^mwoj^^ 
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ment of the river, and must not be mistaken for accui 
latlona due to ill-regulated currents. It it 
however, that auch hard portionB should be removed ( 
soon as they appear, otherwise they disturb the currentf 
and occasion shoals. Whenever the depth due to 
currents acting in their improved direction has 
reached such obstructions will cease to present then 
selves. 

8. Reducing the Inclination of the Bed- 
The existence of a not immoderate amount of iall or 
slope on the low-water line of a river may i 
regarded by the engineer as affording good encours 
ment for its improvement. The slopes of rivers ■ 
from a few inches to several feet per mile, as will be s 
from the tabular list appended to this book, of the phji 
sical characteristics of rivers in which the inclinations t 
several rivers are given. Du Buat considers 1 in 5OO,O0( 
to be the smallest possible rate of inclination that can I 
given to a canal to prodxice sensible motion. In des 
with rivers I should say, from my own experience, 
the engineer may calculate on reducing the slopes ofti 
navigations to about 3 or i inches per mile, which is e 
to xb^Jto* ^^^ *'^^*' ^^y sJiould not, if possible, exceed 10] 
inches per mile, which is equal to a gradient of ^ 
The lowering of the low-water line, and consequent I 
tening of the slope or inclination, acts beneficially \ 
on the tidal propagation and the scour. As regi 
tidal phenomena it will be found that in all rivers whoi 

* Tho slopes ai "thv mpids" immediately above the FaUs of Ninij 
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beds and low-water lines have been lowered, the rate of 
tidal propagation has been increased, and the duration 
of the tide in the river has been pi-olouged, to the 
4>eDefit oi' imvigation, as will be explained hereafter, when 
I we treat of rivers that have been improved. It wiU also 
; be found that the scouring power has in some cases 
been enonnously increased, and made to act in the 
most beneficial way for the channel, a result which in 
'iver engineering can hardly be over-estimated. In 
■rder to illustrate this it is only necessary to point out 
Hiat the mere cubic contents dredged from a ford or 
li':>al form no measure of the gain of tidal water due to 
tlie operation, as explained under " Scouring," becauae 
the removal of such an obstruction has the effect of 
lowering the low-water Une for a certain distance on 
i.lther side of it, and the extent of the lowering will 
■il'viously depend on the original amount of slope ; if veiy 
steep the extent will be small, if gentle it wiU be greater. 
But in either case, whether small or gi-eat, the whole of 
the wedge-sloped volumes included between the old and 
new water surfaces, both above and below the obstacle 
that has been removed, give a clear gain of tide water, 
!ind the cubic contents of these spaces greatly exceed 
the cubic quantity of material removed from the ford by 
dredging. 

Proceeding on actual calculations of comparative 
sections of the river Tay, before and after the execution 
of the works, I found that by excavating about 500,000 
cubic yards of gravel the low-water line was lowered so 
mnch a» *ft aJmit im a<<Hitional quantity of aco-water. 
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Velocities of 



amountuig oa aa average to not leas than one miUion 
cubic yards to be propelled into and again withdrawn 
from tbat part of the river which hes above Newbiug^, 
(luring every tide. This quantity is equal to nearly two 
hours' discharge of the Tay in its ordinary state, and it, 
therefore, foUows that one way at least, of representing 
the amount of increase duiing a year is to compare it bi 
two months' constant ordinary flow of the river. 

The velocity of the stream at low water depends 
on the slope, and in oui' navigable rivers it rarelv 
exceeds 3 or 4 miles per hour, and of course ia con- 
siderably higher when the river is in flood. The tide- 
currents, however, attain a higher velocity than tlic 
ordinary flow of the river. But I have foimd in ahnost 
every case I have had to investigate that the rate of tb;- 
tide-current was greatly exa^erated. A current of 6 or 
7 knots an hour in the fairway is really hardly navigaUe, 
Even in the Dee, where the rise of tide is great and tLc 
currents are very rapid, I do not think they much excwl 
5 miles an hour, and in the Tay above Newburgh, aud 
rivers of that class, where the rise of tide is not so great, 
I do not think the current exceeds 4 railea At tb' 
Severn, again, where there is a rise of 40 feet of tide, ih' 
current is said by Captain Beechey to reach 9 miles per 
hour ; at the Mersey, with a very high tide, it was found 
by Captain Denham to run 7 miles ; and Captain Otl^, 
in his si^irvey of the Pentland Firth, gives the velocity "ff 
the Pentland Skerries at 10"G nautical miles per hour, 
which I beheve to be the highest tide-current 
observed. 
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The following may be taken as the sur&ce velocities 
of the currents in different rivers : — 



Velocities of the Currents in different Biyers. 



Namo. 



Mississippi, .... 
Clyde, between Glasgow and ) 

junction of Cart, daring ebb, j 
Do.y flood, .... 
Do., from junction of Cart to ) 

Dumbarton, ebb, . . j 

Do., flood, .... 
Do., during high floods below ) 

Glasgow harbour, ebb, . . f 
Do. at narrow places during 1 

floods, . . j 

Wear, spring-tide, ebb. 
Do., neap-tides, „ 
Do., flood-tides, 

Taj at Buddonness, spring-tides. 

Do. at Perth, .... 

Willowgate at Perth, 

Dornoch Firth, Meikleferry, ) 

flood, J 

Do. do. ebb, 

Tay at Mugdrum, flood and ebb, 

Thames, .... 



Per Hour. 



Milea. Tdfl. 

5 

1576 

771 

1 1069 

1561 

2 1613 

3 1148 

MUes. 

1^ to 2^ 

1 to If 
1 to2 

Knots. 

2 to 2^ 

Miles. 
309 

1-65 

2-63 

2-55 
2 to 2^ 
2 to 21 



Authority. 



C. EUet. 
W.Bald. 

Do. 

Do. 

Do. 

Do. 

Do. 

» 

J. Murray, C.E. 
Do. 
Do. 

North Sea Pilot. 

Messrs. Stevenson. 
Do. 

Do. 

Do. 
Do. 

G. Bennie. 



The beneficial eflTect of the works I have described Effect of worki. 
may be summarized as follows : — 

First, To depress the level of the low-water line. 
Second, To increase the range of tide. 
Third, To accelerate the propagation of the tide 
through the channel of the river. 
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Fourth^ To prolong the duration of the tide in the 
river. 

Fifths To equalize the velocity of the tidal cmrente, 
removing rapids aad bores. 

Sixths To add to the beneficial scouring power of the 
river ; and 

Seventh^ To increase the navigable depth. 



CHAPTER IX. 

APPLICATION OF THESE WORKS IN PRACTICE. 

On the River Tay : description of works executed ; alterations produced on the 
slopes, and rates of propagation and duration of tidal influence — ^The River 
Forth : description of works ; their effect on the propagation of the tide — 
Laws of tidal propagation in rivers generally — The River Ribble : works exe- 
cuted and their effects— The River Lune : works executed and their effects — 
The River Clyde : its former and present condition — The River Tees : works 
executed and their effects. 

I PROPOSE now, by reference to examples in actual 
practice, to show the beneficial effect produced by the 
works specified in the last chapter, in some navigations 
where they have been adopted, and the first example to 
which I shall allude is the river Tay. The original 
design for its improvement was made by Messrs. Eobert 
and Alan Stevenson, and the works were commenced in 
1833, and afterwards carried out partly under my direc- 
tion ; and I know of no instance where the improvements, 
efiected by particular works, are more fiiUy and satis- 
B^rily 11^^ b, a comparison of 'obse^tions 
made previously and subsequently to their execution. A 
notice of them will, I think, be interesting to engineers, 
not so much as a record of what was done on the Tay, 
but as affording an illustration of the relation that exists 
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between the farms of a nrer s bed and its tidal pheno- 
mena, for it wiU be deajij seen in the case of the Taj, 
that in altering its bed and the inclination of its sui&ce, 
many marked changes were effected <m its tidal pheno- 
mensL, while in those parts of the rirer where no woib 
were executed the tidal phen<»nena were not altered. I 
propose^ therefore, to enter into some detail as to the 
obstructions met with on the Taj, the means employed 
for their removal, and the effects produced on the tidal 
currents, as illustrating the subject of river improvements 
generally. 

EiVER Tay. 

The river Tay, with its nmnerous tributaries, receives 
the drainage water of a district of Scotland amounting to 
2283 square miles, as measured on Arrowsmith's map. 
Its mean discharge has been ascertained to be 274,000 
cubic feet, or 7645 tons of water per minute. It is navi- 
gable as far as Perth, which is 22 mUes from Dimdee, 
and 32 from the German Ocean. The diflferent points on 
the river hereafter to be referred to wiU be seen in the 
chart given in Plate XIV. 

Before the commencement of the works, certain ridges, 
called " fords," stretched across the bed of the river at 
different points between Perth and Newburgh, and ob- 
structed the passage to such a degree that vessels draw- 
ing from 1 to 11 feet could not, during the highest tides, 
make their way up to Perth without great difficulty. 
The depth of water on these fords, the most objectionable 
of which were six in number, varied from 1 foot 9 inches 



APPLICATION OF THESE WORKS IN PRACTICE. 231 

- feet 6 inches at low, and 11 feet 9 incliea to 14 feet 
-I liigh water of spring-tides ; bo tbat the regulating 
navigable depth, under the most favourable ctrcum- 
itanoes, could not be reckoned at more than 1 1 feet. In 
addition to the shallowness of the water, many detached 
ttoolders lay scattered over the bottom. Numerous " fish- 
mg cairns," or collections of stones and gravel, had also 
Been laid down, without regard to any object but the 
^lecial one in which the salmon-fishers were interested, 
md in many cases they formed very prominent and 
Jangerous obstructions to vessels. The chief disadvan- 
tage experienced by vessels in the unimproved state of 
Ihe river was the risk of their being detained by ground- 
ing, or being otherwise obstructed at these defective 
places, so as to lose the tide at Perth, — a misfortune 
which, at times when the tides were falling from springs 
to neaps, often led to the necessity either of lightening 
Uie vessel, or of detaining her till the succeeding springs 
afforded sufficient depth for passing the fords. The great 
>l^ect wmed at, therefore, was to remove every cause 
rf detention, and fecilitate the propagation of the tidal 
Brave in the upper part of the river, so that inward- 
Ixtund vessels might take the first of the flood to enable 
iJiem to reach Perth in one tide. Nor was it, indeed, 
less important to remove every obstacle that might 
arevent outward-bound vessels from reaching Newhurgh, 
md the more open and deep parts of the navigation, 
before low -water of the tide with which they left 
Perth. 

The works undertaken by the Harbour Conumssioners 
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of Perth for the purpose of remedying the evils aUude< 
to, and which extended over sis working seasons, may bo 1 
briefly described as follows : — 

1st, The fords, and many intermediate shallows, were J 
deepened by steam dredging ; and the system of harrow- J 
ing was employed in some of the softer banks in the lowei 
part of the river. The large detached boulders and '* fi 
ing cairns," which obstructed the passage of vessels, wei 
also removed. 

2<f, Three subsidiary channels, or offshoots from t 
main stream, at Sleepless, Darry, and Balhepbum islantfl 
the positions of which will be seen on the plan, were shl 
up by embankments formed of the produce of the dn 
ing, 80 as to confine the whole of the water to the navi* 
gable channel, and the banks of the navigable channeJ I 
were widened to receive the additional quantity of water J 
which they had to discharge. 

Sd, In some places the banks on either side of the 
river beyond low-water mark, where much contracted, 
were excavated, in order to equalize the currents, by j 
allowing sufficient space for the free passage of the water;) 
and this was more especially done on the shores oppoeitfll 
Sleepless and Dany islands, where the shutting up of the J 
secondary channels rendered it more necessary. 

The benefit to the navigation in consequence of t 
completion of these works baa been of a twofold kind ; i 
not only has the depth of water been materially increai 
by actual deepening of the water-way, and the remo%-aI i 
numerous obstructions from the bed of the river, buti 
clearer and a freei passage has been made for the flow a 
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B tide, which now heglns to rise at Perth much Booner 

ban before ; and as the time of high water is unaltered, 

t lie advantages of increased depth due to the presence of 

the tide is proportionally increased throughout the whole 

3 of the navigation ; or, in other words, the duration 

f tidal iitjfuence has been prolonged. 

The depths at the shallowest places were pretty 
irly equalized, being 5 feet at low and 15 feet at high 
■water, of ordinary spring-tides, instead, as formerly, of 1 
foot 9 inches at low and 1 1 feet at high water. Steamers 
"f small draught of water can now therefore ply at loio 
■ iter, and vessels drawing 14 feet can now come up to 
Perth in one tide with ease and safety. 

Such was the state of matters in 1845, when, during 
ivhat has been called the railway mania of that period, 
I wo companies proposed to cross the Tay by bridges be- 
i ween Newbiu-gh and Perth. These schemes were natu- 
rally regarded by the navigation authorities aa a great 
aggression on the rights of the pubHc as proprietors of 
the highway of the river. In preparing a report in 
support of the views of the conservators of the river, 
it occurred to me that it was hardly sufficient to aver 
that so much gravel had been dredged, and so many 
fords had been removed, but that, if not essential, it 
would at least be interesting to know what effect the 
works had produced on the tidal action of the river, 
T accordingly made an elaborate analysis of the tidal 
. obser^'ations, extending over ten years, which not only 
Stowed substantial improvements in the state of the 
liver, hut gave highly valuable information, which may 



234 INLAND NAVIGATION. 

be held to be of general application. I am not aware 
that^ previous to the publication of the Tay observations, 
in the report to the Admiralty, on the railway bridge 
to which I have alluded, there had been any statement 
demonstrating the alterations on tidal flow produced 
by removing obstacles to its propagation; I accordingly 
submitted the result to the Royal Society of Edinburgh ;* 
and as the subject is generally interesting in connexion 
with river engineering, I make no apology for giving the 
details in this treatise. 

The tidal observations to which I have referred were 
made at various times during a period of ten years, firom 
1833 to 1844 inclusive, throughout the river and firth 
of Tay, at the following stations, viz., Dundee, which is 
marked No. 1 on the plan, Plate XIV. ; Balmerino, No. 
2 ; Flisk Point, No. 3 ; Balmbreich Castle, No. 4 ; New- 
burgh, No. 5 ; Carpow, No. 6 ; Kinfaims, No. 7 ; and 
Perth tide harbour. No. 8. The general results de- 
duced from these observations are given in the following 
tables, and show, by the favourable change which has 
been effected in the tidal phenomena of the estuary, that 
the works executed fully answered the intended end. 

1. Propagation of Tidal Wave. 

The following table of elapsed times between arrival 
of the tide-wave, or commencement of the tidal flow, at 
the following stations, dining spring tides in 1833 and 
1834, shows the rate of its propagation : — 

* Proceedings of the Royal Society of Edinburgh for ] 845. 
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Time. 

H. M. 


Distance in 
MUes. 


Rate of Tide- 
Wave in Miles 
per Hour. 


Dundee to Balmerino, 


. 16 


5 00 


18-75 


Baknerino to Flisk Point, . 


. 29 


2-93 


6-06 


Flisk Point to Balmbreich, . 


. 26 


2-04 


4-69 


Balmbreich to Newburgh, . 


. 53 


3-42 


3-86 



Newburgh to Perth (tide harbour), 2 30 8*56 3*42 

The result of observations made in 1842, 1843, and 
844, on spring-tides, give the same velocity, as above 
tated, between Dundee and Newburgh, where no works 
lad been done, and the following rates between New- 
mrgh and Perth, below which place works had been 
xecuted : — 

Time. Distance in S**® ?' Ij!!®- 

Tuml-r Wave in Miles 

H. iL ^^^- per Hour. 

Newburgh to Carpow, . . 25 133 317 

Carpow to Kinfauns, . . . 55 492 536 

Kmfauns to Perth (tide harbour), 20 2*32 6*93 



Giving as a mean for the whole 

distance from Newburgh to 

Perth in 1844, . . . 1 40 8*56 513 

Time from Newburgh to Perth in 

1833, 2 30 8-56 342 

^m showing an increase in the velocity of the tide-wave 
the upper part of the river, which was improved, of 

ore than if mile per hour. 
The diflference of the time in neap tides between New- 

u^h and Perth, in 1844, was 1 h. 53 m. 

2. Highr Water Level 

The levels of the surface of high water at different 
-ations throughout the river have been foimd to be 
^changed, and the following results refer to the years 
833 and 1844:— 
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From Fliflk Point to Balmbreich there is a fidl of 5 in.,) 
„ Balmbreich to Newburgh there is a rise of 7j^ „ 
„ Newburgh to Perth (tide harbour) there is [spring-tid 

a rise of 18 „ 

From Flisk to Babnbreich there is a fidl of . 2^ „ 
„ Babnbreich to Newburgh there is a rise of 6 „ 
„ Newburgh to Perth (tide harbour) there is / neap-tides, 

a rise of 12 99 

3. Low-water Level. 

Rise on the Surface of LouHvaier (Spring-Tides) in 1833. 

TUm*mr,^ ^^^ ^ fflope Bat« of Tide 
^ ^ teM^ per Mile in in MUe» 
»"«■• Inches. per Hour. 

Flisk to Balmbreich there was 

a rise of . . . 4 204 1*95 4*69 

Balmbreich to Newburgh, a 

rise of. . . . 2 8 342 9*35 3-86 

Newburgh to Perth (tide har- 
bour), a rise of . . 4 8*56 5*06 3*42 

Rise on the Low-waier of Spring-Tides in 1844. 

Newburgh to Garpow, there is 

a rise of . . . 6 133 375 317 
Carpow to Perth, there is a 

rise of. . . . 17 723 263 



Hence from Newburgh to Perth, 

1844, the rise is . . 2 8*56 2*80 5*13 

The result of the observations of 1844 thus gives a 
depression on the level of the low-water mark of 2 feet at 
Perth tide harbour, the level of low water at Newburgh 
being unaltered. 

4. Duration of Flood and Ebb. 

The results of observations in 1833 and 1844 at New- 
burgh, where no works were executed, showed that the 
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durations of flood and ebb tides at that place are un- 
changed. The times are as follows, being ahnost iden- 
tical in both years :— 

B. M. 

Spring-tides flow, 4 20 

„ „ ebb, 7 20 

Neap-tides flow, 4 30 

„ „ ebb, ...... 6 45 

At Perth, in 1833:— 

Spring-tides flowed, 2 20 

„ „ ebbed, 7 

Neap-tides flowed, 3 15 

„ „ ebbed, 7 

At Perth, in 1844 :— 

Spring-tides flowed, 3 10 

„ „ ebbed, 7 

Neap-tides flowed, 3 10 

„ „ ebbed, 7 

Increase in duration of flood in springs at Perth, 50 

It will be observed from these tables that important 
changes have taken place in the part of the river that has 
been improved : — 

Firsty The fell on the surfiuje of the river from the 
tide basin at Perth to Newbnrgh in the year 1833 was 
4 feety but after the works were executed it was only 
2 feet. 

Second, In 1833 the passage of the tidal wave from 
Newburgh to Perth (8*56 miles) occupied 2 hours 30 
minutes, being at the rate of 3*42 miles per hour ; but it 
is now propagated between the same places in 1 hour 40 
minutes, being at the rate of 5 '13 miles per hour, — giving 



238 INLAND NAVIGATION. 

a decrease in the time of 50 minutes, and an increase in 
the speed of the first wave of flood of more than If mile 
per hour, since the commencement of the worka 

Third, The spring-tides in 1833 at Perth flowed 2 
hours 20 minutes, and ebbed 7 hours ; but now the tide 
flows 3 hours 10 minutes, and ebbs 7 hours, — ^being an 
increase in the duration of flood of 50 minutes. 

Fourth, It will fiirther be noticed that on the part of 
the river between Dundee and Newburgh, where no works 
had been executed, the tidal phenomena remain imal- 
tered. 

River Forth. 

The works on the Forth, executed imder the direction 
of Messrs. D. and T. Stevenson, produced changes on the 
tidal phenomena, which, in connexion with those de- 
scribed on the Tay, are interesting and instructive as re- 
gcords the propagation of the tide, and therefore I shaU 
briefly allude to them. The river between Stirling and 
Alloa is very circuitous, the distance by the navigation 
being 10^ miles, while in the direct line it measiu*es 
only 5 miles. The navigation was found to be impeded 
by seven fords or shallows which occur between Alloa 
and Stirling, and are composed of boulders, varying 
from a few pounds to several tons in weight, embedded 
in clay. 

It was determined, in the first instance, to remove two 
of these obstructions, viz., the "Town" and the "Abbey" 
fords, which lie nearest to Stirling, and having the smallest 
depth of water, formed the greatest obstruction to the firee 
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paasage of vessels. The works were commenced at the 
lower end of the Abbey ford, and were carried regularly 
upwards. The new channel excavated through this 
ford was about 500 yards in length, and 75 feet in 
breadth, and was deepened in some places about 3 feet 
6 inches. 

Previous to the commencement of the work, tid^- 
gauges were erected in the positions marked 1, 2, 3, and 
4, in fig. 47, on which a series of observations was made 
for the purpose of establishing the original tidal pheno- 
mena of the river. After the Abbey ford was cut through, 
further observations were made on the same gauges ; and 
it is to a comparison of these two sets of observations that 
I desire specially to refer. It is necessary to explain 
that gauge No. 1 is at Stirling quay. No. 2 about 500 
yards farther down, No. 3 at the top of the Abbey ford, 
and No. 4 immediately below it. It will therefore be 
understood that the Abbey ford, through which a channel 
was cut, lies between gauges Nos. 3 and 4. The whole 
of the gauges were placed on the same level, so that their 
readings might be more easUy compared ; and the follow- 
ing are the results obtained with reference to the level of 
the low-water line : — 



Levels of Low water Line. 

In 1847 tlio low-water line was 
found to stand at the following 
levels, ..... 

In 1840, 

Depression, 


Gauge 
No. 4. 


Gaupo 
No. 3. 


Gauge 
No. 2. 


Gauge 
No. 1. 


Ft. in. 

2 
2 


Ft in. 

5 
3 6 


Ft. in. 

5 3 
4 G 


Ft. in. 
5 6 
5 





1 6 


9 


G 
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From this tabular statement we find that the low- 
Water line at No. 4, which is below the site of the works, 
remaina unaltered, but that it has fallen 1 foot G inches 
at the t«p of ibe Abbey Ford (through which the cut has 
been made). It further appeai-s that the formation of 
-this cut has drained off the water, and lowered the sur- 
1 9 inches at gauge No. 2, and 6 iuchea at gauge No. 1, 
eh is at Stirling. The former and present low-water 
B and bed of the river are represented in fig. 47, in 
Ji is also shown by hatched lines the amount of 
iTation on the Abbey Ford. This general depression 
be river has of course altered the slopes or inclinations 
led by the surface of low water ; the slope between 
id 3 being decreased, while the inclinations between 
d 2, and between 2 and 1, have been increased in the 
ffing ratios : — 




DIiUdc*. 


IMT. 


ms. 


DUrtrcmwln 


1 


F«t. 


iDohri 
per Mil.. 


;ri?.. 


Inctuution between 4 and 3, . 
Do. do. 3 and 2, . 
Do. do. 2 and 1, . 


1650 

3050 
1400 


122-5 
6-lD 
11-31 


61-3 

20-77 
22'62 


-Cl-2 
+ 15-58 
+ 11-31 


Again, these changes on the low-water line have pro- 
duced corresponding alterations on the velocities of the 
first wave of flood, which are found to be as fol- 
luw8 : — 





242 



INLAND NAVIGATION. 



VelodtlM. 



1847. 



Minates. 



1848. 



Minates. 



Diffamce. I 



Mlimtes. 



Time occupied by first wave of tide 
in passing between gauges Nos. 

4 and 3, 

Do. do. Nos. 3 and 2, 
Do. do. Nos. 2 and 1, 

Do. do. Nos. 4 and 1, 



24 
6 
6 



8 



-16 
+ 2i 



36 



28 



-8 



From this it appears that between Nos. 4 and 3 there 
is an acceleration of 16 minutes, while between 3 and 1 
there is a retardation of 8 minutes, leaving the difference, 
or 8 minutes, as the actual amoimt of acceleration at 
Stirling, due to the removal of the ford and the lowering 
of the low-water level 6 inches at that place. The rates 
of propagation in miles per hour are as follows : — 



Rates of Propagation. 


1847. 


1848. 


1 

I 

1 


Miles per 
Hour. 


Miles per 
Hour. 


, Difference. 

1 

1 

1 
1 


Rates of Propagation between Nos. 
4 and 3, . 

Do. do. Nos. 3 and 2, 
Do. do. Nos. 2 and 1, 


•G5 
5-77 
2-65 


2-2 
30 

1-87 


1 

+ 1-55 
-2-77 

-0-78 



agation. 



teiations of the These obscrvations and results throw some additional 

lODcs and. rat<*s 

f tidal pro- light ou the circumstanccs which modify the propagation 
of the tidal wave. The table of the results obtained at 
the Tay shows that the cZecreased inclination of the low- 
water lines of that river was attended by an acceleration 
of the velocity of the tidal wave ; and the above observa- 
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further show that a retardation has attended an in- 

rEased inclination of the low-water line of the upper part 

if the Forth. From the foregoing tabxJar statements it 

anil be seen that between gauges 4 and 3, where the 

slope has heen decreased, the propagation has been aecele- 

rihxl ; while between 3 and 2, where, from the state of 

works when the observations were mode, it is found 

have been increased, the rate of propagation had been 

semtibly retarded. It is worthy of remark, however, that 

the rates of propagation do not, either at the Tay or 

!Th, bear any constant relation to the slopes, but are 

' lified by other circumstances ; in proof of which it will 

1' mnd that the rate of propagation at the Forth be- 

Li.'n gauges 4 and 3, where the slope is 61*3 inches per 

imle, is actually greater than between gauges 2 and 1, 

where it is only 22-62 inches per mile. The circum- 

stances of the Forth at this pai-ticular place are somewhat 

peculiar. Before the Abbey Ford was cut through, it 

acted as a dam extending across the river, and had the 

effect of increasing the depth at low water all the way up 

to Stirling. By cutting the channel through the ford, 

however, not only has the water been drained off and 

rendered shallow, but its surface has been broken by the 

projection of boiUders from the bottom, which formerly 

were entirely covered ; and while this effect has taken 

place in the upper part of the river, a comparatively 

smooth cut, with regular sides and bottom, has been 

formed in the Abbey Ford, thi'ough which the river flows 

at low water in a body of considerable depth. I there- 

I attribute the slow propagation of the tide between 
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2 and 1 to tlie shallo'vniesa of the water and the 
ruggtd state of the bottom, wliich is in many |Jaoa 
completely studded with bouldera, rising some above lb( 
sm^hce at low water, and others to within a few incbt 
of it ; while the high velocity up the steep slope of th 
ford is to be attributed — l$t, To the depth of wat« 
caused by the whole river being made to pass through 
iwmparatively narrow channel ; 2d, To the rectanguUl 
croBB section of the cut ; and 3d, To the smoothneea of 
the sides and bottom. At the Firth of Dornoch again, as 
already noticed, between the Quarry and Bonar Bridge, a 
distance of 1 mile, although the water is shaUow and tha 
bottom rough, it is not, on the whole, more so than be- 
tween gauges 1 and 2 on the Forth ; but at the Dornoch 
the slope on that mile is no leas than 6 feet 6 inches, and 
the rate of propagation is only two-thirds of a mile per 
hour. Moreover, it was found that the tide did not be^ 
to show at Bonar untH it had risen 6 feet 6 inches on tho. 
gauge at the Quarry, being the exact difference of level 
between the two points of observation. 

These varioiis results as to slopes and rates of pro- 
pagation, as well as others which have come under tnj 
notice, seem to justify the following deductions as to the 
propagation of tlie tide-wave in rivers with sloping sun 
faces and irregular bottoms, which, as stated at page 1 58 
may be regarded as an addition to the laws former^ 
stated as regulating tidal propagation. These results 
as follows : — 

IjfC, That a decrease of slope ia followed by an accelera 
_tion of the rate of propagation of the tidal wava 
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Id, That an increase of slope ia followed by a retanla- 
f the rate of propagation. 

, That the rate of propagation does not bear any 
Jit relation to the amount of slope, although it is to 
3 extent modified by it, 

, That while the rate of propagation in rivers is in 

be measure due to the depth of water, it ia neverthe- 

i influenced by the slope of the surface, the form of the 

bimel, and the obstructions protruding from the sides 

fbottom. 

5tk, That, if not in all cases, at least when there are 
sep slopes and shallow water, as at the Dornoch Firth, 
i level of the crest of the wave must rise to the level 
! siu^ace of the water (or perhaps the bed of the 
)t) above it, before a progressive motion takes place ; 

6th, That, from the difficulty of dealing with so many 
[able elements, it is impossible, in many rivers, to 
I the ruling circumstances which can be held as 
lating the rate of tidal propagation. 



RiTER RiBBLE, 
The Ribble in Lancashire, as shown in Plate XV., 
improvements of which were designed by Messrs. 
Kvenson, presents an example of a great amount ol' 
Utional depth having been obtained in a compara- 
tively shori; space of time. That river, according to 
Mr. Park, who conducted, aa resident engineer, the 
greater part of the works, has a course of 82 miles, and 
drains 900 sciuare miles of the coimties of York and 
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Lanoaster. 13ie firamatioa of iia bed xeiidBved 
of tibe tidal oompartnient proviooB to the injmvanenii 
V617 defiKstive. The iMttom in the lower part of the zim 
conaistB of loose aand, while that of the tqpper zeadiii 
altematefy compaot gravel and aandatone rocL Aknfc 
half a mile below PreBbm, in partioalar^ it waa finmd thifc 
a solid ridge of sandstone, ertending to 800 yards m 
lengthy stretched quite across the channel Its suz&oe 
was from 3 to 5 fi^rt hig^berthan the general bedof tlie 
river both above and below it^ and so prominent aa 
obstruction did it finm that the higgler parts of the rook 
were occasionallj left dij during the long droug^ cf 
summer. The propagation of the tidal wave and fim 
flow of the currents were cheoked on approaching i, 
while the power of the tidal and freshrwater scours was m 
a great measure neutralisedi and rendered almost unavail- 
able in keeping open the upper and lower stretches of the 
navigation ; so that its influence in obstructing the river 
resembled that of a great artificial weir stretching acroes 
the stream* In proof of this it may be stated that the 
ordinary rise of spring-tides at Lytham, which is 12 miles 
seaward of Preston, is about 19 feet/ and that of neap- 
tides is 14 feet, while at Preston, prior to the operatioBS, 
the rise of spring-tides did not exceed 6 feet, and neap- 
tides of 13 or 14 feet rise at Lytham did not reach 
Preston at alL The removal of the rock which encum- 
bered the bed was naturally viewed as the most urgent 

' Captain Sir Edward Belcher, while engaged in making the Admiralty Survey 
of the Ribble, found that on one occasion the tide at Lytham rose 25 feet 
7} inches. 
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[ important work for effecting an improvement in the 
1 phenomena and general depth of water. To this, 
lerefore, the Navigation Company first directed its at- 
ution, and, as has been noticed in Chapter VIII., suc- 
ded in removing the rock, and further, in dredging 
my thousand tons of gravel, and erecting about 18 
of rubble training walls. I have already given 
me details as to these works, and I have only to add 
! that they have effected a striking improvement on 
1 navigation. Mr. Garlick informs me that, at "the 
' below Preston, the level of the low water is now 
^ feet 8 inches lower than it was in 1841, before which 
riod tJbe works had begim to show their effect. So 
lat it is safe to conclude that the total lowering of the 
r-wuter line is between 7 and 8 feet, and the tidal 
'winge has been increased to the same extent, and the 
tidal propagation, when I had occasion to ascertain it 
.some years ago, was found to have been accelerated 
upwards of an hour. The practical result of this im- 
provement is that vessels to which the navigation was 
previously at ail times closed, can now come up to the 
quays at Preston with comparative ease and safety, even 
1 neap-tides. 

River Luxe. 

The works on the Lime in Lancashire were executed by 

. Stevenson, under the direction of the Admiralty. 

7 consisted in removing fords by dredging, shutting 

sidiary channels, and erecting river walls. Like all 

irera flowing thi'ough tracts of sand-banks, the Lune was 
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ever changmg its course, and in order to illustrate this I 
have shown on Plate Vm. the channel of the Lune in 
August 1847, August 1848, and December 1848, taken 
fix)m actual survey. The great object of the improve- 
menta ^ by removing obstructions and making training 
walls so to regulate the currents as to insure a fixed 
channel and a greater depth. Fig. 48 shows the gradual 



0LAS80N 



HEATONPT 



LANCASTER 




Fio. 48. 



change effected on the low-water line in consequence of 
the works. The upper line shows the surfitce of the 
river in 1838, the intermediate line in 1848, and the 
lower line in 1851. The general effect has been to 
increase the depth of water up to the quays at Lancaster 
about 4 feet, and to prolong the duration of the tidal 
mfluence at that place 30 minutes in neap and one hour 
and a half in spring tides ; so that vessels can approach 
and leave Lancaster much earlier than formerly, while the 
improved channel is navigated with much greater ease. 



River Clyde. 

The Clyde affords a striking proof of the extent to 
which river improvements may be carried. So insignifi- 
cant was the stream in its natural state, that Smeaton, in 
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i, proposed to erect a dam with locks in the lower 

b of the river, and to convert it into a tidal canal in 

r to bring craft drawing -1 feet 6 inches up to Glas- 

In 1768, however, Golbnme surveyed the river. 

I found that aa far do\vn as Kilpatrick the depth of 

was only 2 feet, and recommended the con- 

tion of a series of jetties from either side, for the 

' of narrowing and deepening the stream. This 

lay be held to have been the commencement of the 

nprovement of the river Clyde, which now admits 

els drawing 22 feet to steam up to Glasgow, The 

der must not however suppose that this resuilt has 

len attained by means of the jetties which were erected 

ider the advice of Golbume. It was soon discovered 

tat this object could not be gained by such works, and 

b "wafl not imtil the ends of the jetties were connected 

f lon^tudinal walls, and until dredging machines were 

»nsively employed, that the Clyde improvements began 

assume an importance commensurate with the vast 

[nercial interests of the city of Glasgow and sur- 

nding districts. Even so recently as 1836, Mr. James 

was asked to report to the Trustees on a 

beme to construct a canal from Bowling to Glasgow. 

t is, indeed, since 1836 that the Clyde Navigation may 

3 said to have made its most important progress towards 

I present state, and this has been achieved in a great 

LHure by widening the river where it had been impru- 

otly contracted, and by dredging on an enormous scale, 

have already stated in Chapter VIII,, under the 

. of Dred^ng, and nothing now can avail to remove 
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tx)iitinuaUy gro\\'iiig obstnictions, and to keep the Darigii- 
tion open, but an unremitting application of steam power 
applied to the beat advantage. It woiald have been voy 
interesting, in such a case as the Clyde, which, I may say, 
from being a fresh-water stream has been converted into a 
great tidiil channel, to have possessed accurate recoids of 
the original and present levels of the low-water lines of 
the river. 

It is not possible to arrive at a correct estimate of the 
actual extent to which the low-water level of a river lioa 
been lowered, unless an accurate record has been kept of 
the levels with reference to a fixed beneh-mark. The 
lowering of the low water is a slow process, and the eyo 
gradually becomes associated from year to year with an 
entirely altered state of the river, which, if it had 
oTOtirred in the course of a night, or even a ' 
would have struck even a caaual observer with J 
ment It is, I believe, impossible now to arrive at ti 
extent to which the bed of the Clyde has been lowere 
since the days of Golbume, aa the old plans do not specif 
a proper datum for reference. But having occasion to m 
quire into this with reference to a judicial question i 
which I was instructed to report to the Court of Sessioi 
I found the means of arriving pretty accurately at th 
extent the low-water line had been lowered since 185 
at Erskine Ferry and West Ferry, the former 9^. the lattfl 
13i^ miles from Glasgow; and the following table gives tli 
results as reported by me to the Court. But even thee 
figures may be subject to some correction, due to the stat 
of the river when the observations were made :- 
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Tabular View of the Relative Levels of Low Water at 
vabiol's dates from 1853 to 1868. 
■ibMuo TFesl Fein/. 

dilnn. 

IS'OO. Low water on cross sections, 1853 ; by Thomas Rylc 
18-1)8. Low water, spring, 1853, on section ; by Thomas Kyle. 
1817. Low wnkT, average epring, April to September 1853 ; nolo 

on plan iiy Thomas Kyle. 
•18"5B. Low water, spring, 20th March 1840; sections by Thomas 

Kyle. 
I9'33. Low water, Spring, 17th September 18G8; repoited by 

David Stevenson. 

Erskine Feny. 

17-00. Low water, spring, 1853, on longitudinal section; by 

Tliomas Kyle. 
IT'IS. Low water.spring, 1853,oncro3seections ; by Thomas Kyla 
17'42. Low water, average spring, April to September 1853 ; note 

on plan, by Thomas Kyle. 
17-51. Low water, spring, 20th March 1840, on section; by 

Thomas Kyle. 
17*60. Low water, on contract plan, by John F. Ure, dated 1 0th 

April 1855. 
18-18. Low water in 1866 and 1867. 
18*70, Low water, spring, 19th September 18G8; reported by 

David Stevenson. 

Not*. — The datum to which the levels refer is the surface of the 
ciijie of South Quay wall of Glasgow harbour, as defined in plan 1853-4, 
by Thotitae Kyle- 

In the upper part of the river the lowering of the bed 
h.i8 been much greater. In 1832, the late Mr. Robert 
Stevenson erected Hutcheaon Bridge, which creased the 
Clyde at the site of the new Albert Bridge. The masonry 
of the piera of Hutcheson Bridge was laid at the level of 
7 feet below the bed of the Clyde, on a platform of timber 
t pOes 18 feet in length, I found by a section made in 



i 




352 



INLAND NAVIGATIOS. 



1845, after a lapse of thirteen years, that the level of the 
liver had been lowered, in consequence of the improve* 
menta of the Clyde Trustees, no less than 1 1 feet, and 
even with that amount of scour the bridge was, and 
might long have remained, a safe structiire. But imme- 
diately above its site there is a weir which dams up Uie 
Clyde and forms a lake, or almost still pool, for several 
nules. It was determined to remove this weir, and aftd 
its removal the bridge could no longer be pronounced 
safe ; and it has been accordingly replaced by the pre 
sent structure. 

It is right to state, with reference to the removal at 
the Clyde weir, and aa to what I have said on the 8uH- 
ject in Chapter VI., that the removal of weirs, viewet 
as an abstract question, is in general a safe and * 
proper navigation improvement. But in the case of tl* 
Clyde weir, to which I have alluded, two questions were 
urged by the opponents of the measure. The Jirst n 
whether the damage to the banks, and the amotmt c 
stuff which woidd be sent down into the lower harbouiv 
would not occasion more expense to dredge it than coul 
be compensated for by any increase of scour due to tin 
removal of the weir ? And the second, and perhaps moi 
important, question was, whether, as a Banitary an 
amenity question, it was desirable to sacrifice the lak 
fonned by the weir, and used for bathing and boatin 
by the great population of Glasgow ? I thought it wi 
better that the weir should remain; but this is a questiq 
more for the community of Glasgow than for eiigiuoers 1 
determine. 
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River Tees. 

I ahall only further refer to the Tees, as affording 

I example of a navigation where improvement was 

deferred in consequence of advice which was not 

lated to attain that object. I am indebted to 

\ John Fowler, of Stockton, the Engineer to the Teea 

pmissioners, for the information conceming that river. 

hout going back to ita very early history, it is snffi- 

: to say that in 1 804 Mr. Chapman found that the 

lable depth up to Stockton was 9 feet at epring tides, 

[ at Cargofleet, five miles below Stockton, there was a 

1 with only 2 feet at low water. Following out his 

lort, the Tees Navigation Company was incorporated 

he Portrack cut was executed and opened in 1810, 

effected some improvement. It does not appear 

. much more was done till 1827, when the Navi- 

lon Company consulted Mr. Robert Stevenson of 

nbuigh and Mr, H. Price. Both of these eng^eers 

pmmended another cut to be formed, as already noticed 

; 196, but they differed in opinion as to the general 

ment of the river. Mr. Price recommended that 

ihould be contracted by jetties, and Mr. Stevenson 

; the banks should be faced with continuous walls, 

kting aa his reason for this recommendation, " that to 

ioject numerous jetties into the river I regard as inex- 

lient, being a dangerous encumbrance to navigation, 

t tending to disturb the currents and destroy the uni- 

lity of the bottom." The plan adopted by the Navi- 

pon Company was however that of Mr, Price, and jetties 
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were constructed on the river to a large extent, and Mr. 
Fowler says " that after a trial of twenty-seven years it 
was found that they were liable to all the objections that 
had been urged against them by Mr. Stevenson." Accord- 
ingly, under Mr. Fowler's direction, the whole of the 
jetties have been removed, and the river is now guided 
between continuous walls in the upper part of its course, 
and low training walls, similar to those in the Babble and 
other rivers, have been constructed in the lower reaches. 
The result of the operations carried out by Mr. Fowler is 
that there is now an easily maintained channel having a 
navigable depth of 1 8 feet up to Stockton, where, besides 
the ordinary traffic of the district, there id a large ship- 
building trade, launching steamers of 3000 tons burden. 

Many instances might be referred to where a course 
of treatment opposed to that which I have recommended 
has not been followed by favourable results ; but I deem 
it sufficient to confine my remarks chiefly to an exposition 
of the correct principles of river improvement, without 
discussing at length erroneous practice or its baneful 
results ; the more so as these have been most ftdly and 
ably treated by Captain E. K. Calver, R.N., whose 
investigations into the former and present state of some 
of our tidal rivers are of great value to the hydraulic 
engineer.^ 

* The Conservation and Improvement of Tidal Hivers, by E. K. Calver, R.N. 
Loudon, Weale, 1853. 



CHAPTER X. 

SITUATIONS WHERE THE PRINCIPLES OF IMPROVEMENT 
BSCOMMENDED ARE NOT APPLICABLE. 

It is necessary, however, to state that in certain situa- 
tions the principles of river improvement which I have 
advanced will be foimd to be of very limited application. 
Such cases, indeed, are rarely to be met with, but stiU it ia 
necessary to notice them. I allude to rivers where the 
tidal or intermediate compartments are, from natm^ 
causes, of very small extent. 

The Erne. 

To illustrate what ia meant, I refer to the Erne in 
Denial, which has a tidal capacity of only 2f mUes, 
extending from the bar up to the town of Ballyshannon, 
where the tidal flow is terminated by what is called the 
" Salmon Leap,'' a perpendicular bed of rock extending 
across the river, and rising to a height of 15 feet, over 
which the river forms a cascade. This waterfall forms 
the limit of the tidal flow, beyond which it could not, 
without works of a gigantic character, be extended 

The Ness. 

Another case is the Ness, where, indeed, although 
there is no water&Il, there exists perhaps a no less seri- 
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ouB obstacle to tidal flow. The river at present pasea \ 
a bending channel from Inverness to the Beauly Firth 
Kessock Roads, a distance of about 2 miles. A ache 
was proposed in 1 847 for making a straight cut to obvi 
the great difficulty which Teasels have in niakiog tb( 
way from the Beauly Firth to Inverness, a difficulty nbi 
was mainly attributed to prevailing adverse winds, c 
to the configuration of the surrounding hills. But t 
making an investigation, with a view to reporting on t 
proposed improvement scheme to the Admiralty, it i 
found that the difficulties attending the navigation of 
river are mainly the prevailing outward currents due to I 
physical conformation of the bed of the Nesa, which n 
be shortly described, as it illustrates generally a daai 
rivers which are very difficult to improve : — let. The ! 
of ordinary spring-tides at the mouth of the river ia 
feet ; 2d, The distance to which the influence of s 
tides extends is only about 2 miles, which comprises t 
whole tidal compartment of the river ; 3d, the slope 
inclination of the low-water line of this tidal compartm 
is no less than 7 feet per mile, and the tide takes frcfli 
2 to 3 hours to make its way up the first mile; iOi, 
The natural result of such a state of matters is, that ri" 
tidal current is generated at the mouth and propagatt'! 
up the stream, and consequently the phenomenon of » 
cxurent, due to flood-tide, may be said to be almost l 
known. 

Under these circumstances the main barrier to i 
navigation of the river Nesa may be traced to the ab 
of a tidal current, to aid the entnince of vessels 1 



: Hoads, and assist tteir progress up the quays. 

b of a ship's voyage is at present effected by help 

men and horses, ■which drag the vessel against the 

rfy constant downward current, which varies in 

with the amount of water discharged hy the 

Hs, during its frequent heavy floods. 

3 existence of a moderate amount of fall or slope on 

: low-water line of a river, is a hopeful feature in its 

abilities for improvement ; while, on the other hand, 

a slope as that on the Ness proves a great barrier 

\ extended improvement as a tidal river; for it is 

iouB that to obtain on that river a slope sufficiently 

tie for easy navigation, it would be necessary to lower 

1 bed to so great an extent, and to execute works of 

ich magnitude, aa to render it inexpedient to entertain 

1 a project. 

The two instances I have given will suffice to illustrate 

cases, happily not very numerous, which do not 

within the range of what I may term improveable 

, for in either of the cases I have named, works of a 

litude wholly disproportionate to the benefit to be 

would be requisite, in order to remove the 

icle which nature has opposed to the existence of a 

ale tidal channel 



CHAPTER XL 

WORKS FOR ACCOMMODATION OF YESSEI^. 

Dooka — ^Tide-basiiu — Oroynea — Biver quayB; examples of thoee at Belfast, 
Londondeny, and the Clyde. « 

The works I have already described are for fistcili- 
tating the ingress and egress of vessela In addition to 
this, it is necessary to provide for their accommodation. 
For this purpose it is desirable, where the currents are 
strong, to afford them some protection against heavy 
floods accompanied by ice, which are often very destruc- 
tive to shipping. 
i>ockii. On a large scale this protection is afforded by docks 

entered by tide locks, and constructed in all respects like 
the wet docks in any of our seaports, and they may 
therefore be held to be a class of works common to all 
harbours, and not specially connected with tidal rivers. 
There are some works, however, that are essentially river 
works, and these it is necessary shortly to notice. 
Tide-basiM. Among them are what are termed tide-basins, which 

are artificial cuts retiring from the stream, having their 
sides bounded by quays or wharves, into which vessels 
may be withdrawn and sheltered fi-om the current, but 
where they are still liable to take the ground at low water. 
The Kingston dock at Glasgow is a large tidal basin of 
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I kind, being in &ct a dock without locks or gates. 

t is sometimes desirable on a smaller scale to protect 
aerthage of quays along rivers from currents or ac- 

lations of gravel Tlus was done at Inverness by a 
r or groyne of timber work, which is shown in eleva- 
I and cross section, fig. 49. It extends in front of 




the quaya, and prevents the current of the river in floods 
from shoaling the berthage by heaping up gravel. I have 
seen a protection on a very large scale at Albany, on the 
Hudson, where the vessels navigating that river, and 
trading with the Erie Canal, are accommodated in a large 
baain of thirty-two acres. This basin la separated from 
the current of the Hudson, and the ice it sometimes brings 
down, by a longitudinal mole or pier of about three- 
qaarters of a mile in length, left partially open for scour 
at the upper end, and connected to the shore by draw- 
I'ridges, 

In many situations where currents are not very strong, 
Mil the river is sufficiently wide to admit of vessels being 
moored in it, as at the Clyde, or the Foyle at London- 
the berthage for vessels is very conveniently 



teo 



INI.AND NAVIGATION. 



affinded by forming linee of qoays along the Bhore. Such 
quays, indeed, constitiite an important part of all har- 
boniB which are formed in tidal riverB ; and in illustratioii 
of some of the Tsrious methods of construction adopted in 
Bocfa cases, I may give the following cross sections. Fig. 
50 EihowB the timber whar&ge constructed by Mr. Smith 




at Bel&st, which is compoeed of a &cing of timber-work 
secured by iron ties fixed to piles, the space behind the 
fi-amework being filled up and the roadway formed at the 
top. Fig. 51 is a plan showing the positions of the piles 



and ties. Sometimes a similar &ce-work is employed, 
backed by a wall of concrete, and iron plates have also 
been used for the feeing instead of planking. Figa. 52 
and 53 are a section and elevation of the qxiays at Lon- 
donderry, designed and executed by Messrs. D. and T. 
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Stevenson, At tliis place the ground is very soft, and in 
order, as much as possihle, to reduce the weight, the front 
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compartment of t^e wharf next the river is left open. 




Figs. 54 and 55, again, are sections of the stone wharves, 
constructed from a design by Mr. Walker, at Glae^w, 



262 



INLAND NAVIQATION. 



under the superintendence of Mr. Ure. Fig. 54 ie the 
section adapted to a claj bottom; and fig. 55 is that 
which is adopted when the bottom consists of sand. In 




both cases the depth of water in front of the quays U 
20 feet at low water, and is intended to accommodate 
merchant vessels of the largest class. 

These examples of wharfage on tidal rivers will serve 
to show the student the structures designed by different 
engineers as appHcable to situations where the foundation 
is hard or soft. 




; tbeoricB to acooimt tor tlie formatioa ot — Origin of bars, u iUnatrated by 
the I>omoch Firtb ; Cutelli's theory of the fonnatian of b&i« ; coQilitioiiB 
under which bam are formed — ^Barless rivors^ — Bar at Cothin — Depth over 
Inra dae to acour — Compariaan of river and tidal wnter in MtDnriea — Bauk- 
WBtor ; ita importaace for Bcouring ; different oapecta under whieb backwater 
may be viewed, as illuatrated by Hartlepool slake, Montrose basin, and Wal- 
lasey Pool — Level at wbieh backwater ie abatracted — General ]iropoaitious 
IcgKrding backwater — Lower parts of estuaries, such as the Mersey, etc., 
miuiDt be improved unleaa at great coat — Ban of aueh rivera as the Tyne and 
Wear may Ije improved by protecting piers — Bar of the Mississippi — Bar of 
I Um Danube ; ita cause, nod worts tor ita improvomeut— Hani bars — Groynca. 

^DIany of the works described in Chapter VIII., such 
^nbaining waUs and dredging, are not more applicable 
io the "tidal" than to the " sea-proper " compartment, 
the distinguishing features of which, are the phenomena 
attending the flow of rivers or bodies of tidal water into 
the sea. 

LBars. 
some instances, such, for example, as the Forth, 
the junction of the estuary with the sea occurs without 
occasioning any very perceptible or marked disturbance 
^Kie currents or change on the bed of the channel, so 
^K a ship may, at any time of tide, run without check 
or hindrance fix)m the Isle of May to St. Margaret's Hope. 
[Jut in this respect the Forth ie exceptional The en- 
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trances to almost all Britisli, as well as Continental, rivers 
are interrupted by what is termed a " bar." Its origin is, 
indeed, not always to be traced to the same cause, but 
the Mersey and the Tay, as well as the gigantic Nile and 
Mississippi, have the same troublesome feature, which is 
not only very hurtful to navigation, but is perhaps the 
most difficult subject with which the marine engineer has 
to grapple. 

A ** bar," in nautical language, is the name applied to 
the shallowest part of the navigable channel through the 
sand-banks which generally collect at the mouths of 
estuariea It may perhaps best be explained by an 
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jmic souNomcs in feit 
Fig. 56. 



illustration. Fig. 56 is a diagram, on which the dotted 
line shows the fairway or deepest channel through the 
sand-banks. It will be seen that the place marked " the 
bar " lies at a considerable distance from the shore, and 
has extensive sand-banks, drying at hw, but covered at 
high, water, as well as submerged sandbanks which necer 
dry, on either side of it. Fig. 57 is a longitudinal section 
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' I'io on the dotted line, and represents the depth of 
uier on an enlarged scale. From this it will be under- 
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>'4 that the bar is the shallowest part of the channel, 
ifiL-re being deep water both landward and seaward of 
it. What is termed " the bar," therefore, Is not the sand- 
bank that dries at low water, but those constantly sub- 
merged banks which have a channel, subject to variations 
iu position and depth, passing through them. 

The bar then regulates the navigable depth, and no 
jiassage over it can be obtained until the tide has risen 
sufficiently high to enable vessels to cross it ; and it is 
more or leas marked and decided according to certain 
conditions to be afterwards explained- We accordingly 
find great variety in the depth of water. For example, 
Tlie bar of the Mersey has a depth of from 9 to 1 feet at low water. 



„ Ty»e 


6 to 7 


Wear 


3 to i 


Kibble 


7 to B 


.. Tay 


16 to 18 


Dee 


10 to 12 



And while these limited depths exist on the bar, 
I is in most cases ample depth within or landward 
' vessels of the largest class to lie afloat at all times 
F tide. At the Dee, for example, the celebrated anchor- 
i of " Mostyn Deep," afibrds depth and area for ahnost 
f fleet of ships. 
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Theories to Many theories have been propotinded to account for 

fonnation of the phenomenon of the " bar." What may perhaps be 

termed the most favourite theoiy is, that bars are com- 
posed of materials held in suspension by the river, and 
deposited so soon as its current is checked by meeting 
the still water of the ocean. This idea will be found 
stated by various authorities, as expressed in the follow- 
ing quotations : — 

**When the flood matters meet the incoming tide, 
there must necessarily be a deposit." 

" The position of a bar is at the point where the 
opposing forces meet or balance. The material held in 
suspension by water, travelling at a certain velocity, fells 
to the bottom and forms a deposit where that velocity is 
checked." 

"The incoming tide, when it meets the water dis- 
charged by the river, checks the velocity of this water, 
and so causes a deposit, which forms the bar." 

Many other similar quotations could be given. But 
this theory, at aU events as regards " sea bars," of which 
we are now treating, is disproved by such a case as 
the Dornoch FirtL The bar at that place occurs at a 
point 14 miles seaward of the point at which the river 
enters the sea, as will be seen in Plate IV. The idea that 
sand-banks of such magnitude as those at the Dornoch 
Firth could be formed by the detritus brought down by 
the small rivers OykeU and Cassley, which flow into the 
upper end of the firth, is whoUy imtenable, and is indeed 
contradicted by the fact that the bar and adjoining banks 
are composed of pure sand, and not of alluvial matter 
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(lepngited by the river, as will ailei-warda be more fully 
iJIuded to. 

Another theory attributea bars to the want of suffi- 
i'ient scouring power ; but this ae an abstract statement 
is unwarranted when we find bars existing at the mouths 
of such rivers as the Mississippi 

Another theory attributes the ohsence of a bar to 
"the presence of a nearly equal duration of the period 
of ebb and flow in the lower reach of the river, accom- 
panied by an extremely gentle inclination of its sur&ce 
it low water." ' To refer again to the Dornoch Firth : we 
live an equal duration of the ebb and flow throughout 
If firth, and the level of low water practically the same ; 
■A yet there exists as perfect a specimen of a bar at the 
'>iith of the firth as can possibly be imagined. We can- 
■'t, therefore, in endeavouring to account for the exist- 
' iice of bars, or the exemption from them, accept any of 
these explanations. 

Since 1842, when I had occasion to bestow much origin oi 

ittention to the subject, I have never had any difficulty 

n tracing the accumulations which give rise to all such 

lars as those of the Mersey, the Ribble, the Tyne, the 

Mmoch, or the Tay, subject to the conditions hereafter 

fated, solelt/ to the action of the sea. The waves, as is 

(11 known, throw up a girdle of hght or heavy material, 

uiying with the exposiu-e from sand to boulders, round 

bay and headland of our coast ; and the entrances 

rivers form no exception. The eflect of this constant 

ton of the sea is to form a continuous line of beach 

TrtatiM <m IA« Improvematt <tf Che Ntmigaliim o/JHvv, by W. A. Brooks. 
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acroes the mouths of all our tidal rivers and inlets ; and 
such a beach would very soon be made, did not the flow 
of the tidal currents maint>ain an open channel through 
it. In this way the waves of the sea on the one hand, 
and the currents on the other, produce the well-known 
feature of a tide-covered beach extending firom the shores 
of our inlets, with submerged sand-banks, having a channel 
through them termed the " bar." 

This explanation is given in a report made in 1842, in 
which it was necessary to investigate the cause of the 
" bar " at the Dornoch Firth, from which the following is 
an extract : — 
Btf aiDonoch ** This bar is an accumulation of hardish sand-banks, 
through which there is a navigable fiiirway of not less 
than 9 feet at low, and 22^ feet at high water, of ordin- 
ary spring-tides. It appears to be retained in its present 
state by a combination of agenta The heavy swells from 
the German Ocean, with which the coast is visited, have 
a tendency to heap up the sand from the adjoining shores ; 
but this tendency is, to a certain extent, counteracted by 
the tidal and fr-esh-water currents of the firth, and the 
result of their joint action is the bar — ^a bank, or series 
of banks, of considerable extent, permanently under 
water, through which there is a deeper passage or fidr- 
way, whose depth of water is believed to remain pretty 
much the same, although its direction occasionally 
changes." 

But I cannot altogether claim to be the author of this 
explanation of the origin of bars, as I afterwards dis- 
covered that a suggestion in some respects the same had 
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1 mven about two centuries ago by tbe Abbot Castelli, CaBteiii'stiiBorj- 

. of the fo "~- 

> wrote as followa :' — "Aa to the other point of theofbim. 
stoppage of ports, I hold that all proceedeth ' 
the violence of the sea, which being sometimes 
rtxirbed by winds, especially at the time of the waters 
Jig, doth continually raise from its bottom immense 
laps of sand, carrying them by the tide and force of 
waves into the lake ; it not having on its part 
' any strength of current thfit may rise and carry them 
;i\vay, they sink to the bottom, and so choke up the porta 
And that this effect happeneth in this manner, we have 
most frequent experience thereof along the seaKioasts ; 
and I have observed in Tuscany, on the Roman shores, 
and in the kingdom of Naples, that when a river felleth 
into the sea there is always seen in the sea itself, at the 
place of the river's outlet, the resemblance, as it were, of 
a half-raoon, or a great shelf of settled sand under water, 
much higher than the rest of tbe shore, and it is called in 
Tuscany it cavallo, and here in Venice, lo seanto ; the 
jff'hich Cometh to be cut by the current of the river, one 
phUe on the right side, another while on the left, and 
oaetimea in the midst, according as tbe wind fits. And 
[ like effect I have observed in certain little rillets of 
irater along the Lake of Bolsena, with no other difl'erence 
ftve that of small and great," 

Had the Abbot ended his statement here, it woidd have 
>en identical with that I have suggested, but he goes 

' Tht Mtnmralion of Ritanlng Walcri. By Don Bcnedstto Castelli, Alibot ot 
t Benedetto Aloyaio, and Professor of Uie Mathematics to P(>;>« Urban VIII, in 
; tmnalated by Tltomas Saltubury, E^ , Loodon, 16G1. 
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on to say, "Now wtoso well considereth tliia effect pkinljl 
seeth that it proceeds fi^m no other than from the c 
tmriety of the stream of the river to the impetus of tlx 
sea-wavea ; seeing that great abundance of sand, whi 
the sea continually throws upon the shore, cometh to li 
driven into the sea by tfie stream of the river, and i 
that place where these two impediments meet with equa 
force, ike sand setileth imder water, and thereupon ii 
made that same shelf or cavallo ; the which, if the mts 
carry water, and that any considerable store of it shall ba 
thereby cut and broken, one while in one place, and tli8 
other whUe in another, as hath been said, according as thff 
wind blows ; and through that channel it is that v 
fall down into the sea, and again make to the river, m 
into a port." 

The words which I have italicised speak of e 
"driven into the sea by the stream of the river," ando 
the place where the sea and the river meet with " eqm 
force," causing the sand " to settle," and are at i 
with the suggestion I have proposed. In the i 
which my explanation refers there is no settlement ti 
the bar of sand, or other material carried down by t 
river. Neither is it necessary to the formation of a 1 
that there should be " a place where the river and i 
meet with equal force," so as to cause sand held i 
suspension to settle. For, according to my explanatia 
a sea^bar would be fonned although the outgoing currei 
held not one particle of matter in suspension, its on] 
effect being to scour away what the waves have throw 
up. 
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^H After having given much attention to the suly'ect of Conditions 

^Hb sand-bars which encumber most of the tidal harbours Band-iai^ b™ 

^^Ktlie shores of Britain, I proposed, in the EncychpcBilia °"" 

^H^ctnntca, the following as the conditions under which 

^^B such accumulations are formed : — 

^B Ist, Tlie presence of sand or shingle, or other easily 

^^mved material ; 

^H 2d, Water of a depth so limited that the uiares during 

^Hbmu may act on the bottom ; and 

^H 3d, Such an exposure as shall allow of leaves hnng 

^■nei'ofecf of sufficient size to operate on the siihmerr/ed 

^B In confirmation of this opinion, I may once more refer 

^Klhe Dornoch Firth. The Oykell, as has been shown in 

^H^tfir III., joins it at a point about a mile below Bonar 

^Kidge, but we find no indication of what may be termed 

^Kar throughout the whole of the sheltered part of the 

^^Hi, which extends for 12 miles seaward of that point, 

^^Kl we reach the outer portion, where, open to the 

^wuole fetch of the Moray Firth, there are generated 

v\'es of sufficient size to act on the materials of which 

cue bottom is composed, and we find an extensive sand- 

Imnk, forming, as it were, a continuation of the shore on 

—ei ther side, and stretching quite across the mouth of the 

^Rth, with the bar in the centre of it. 

^P The same reasoning may explain why, in such a case B^ri.Bs rimr». 
as the Firth of Forth, for example, no bar exists. The 
Firth of Forth is an inlet or ann of the sea of great width 
and depth ; the seas entering it do not act on the bottom 
^80 as to disturb and heap up the material of which it is 
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composed, in the same maimer as in a shallow sea. This 
great natural depth continues as the Forth gradually 
contracts; and before the necessary conditions for tbe 
formation of a bar occur, namely, shallow water aiid 
presence of sand or other eaaily moved material, tb 
sea is so land-locked that waves of sufficient me to 
produce the necessary effect cannot be generated. There 
is, in fact, in the Forth that gradual diminution of depth 
and increase of sheUer which combine to produce the 
phenomenon of a river without a bar. 
Bar at Cochin. It is Yi^vj interesting to know that Mr. George 
llt^bei-tson, in his recent survey of Indian harbours/ 
loll lid that at Cochin the removal of certain projectiiig 
spits of sand which protected the bar had sensibly re- 
duced the depth of water, as ascertained by actual stuv 
vey, thus affecting, by the operation of changes wrought 
by nature, a striking proof of the soundness of the con- 
dition which I have specified as being necessary to the 
formation of a bar. Reporting on Cochin, he says,-— 
**Were the current kept together till it got into such 
a depth of water that the action of the waves was not 
sufficiently powerful to stir up the bottom, there would 
be no decided bar. The same result would happen were 
the current to discharge under shelter from the waves ; 
as, for instance, in a land-locked estuary. In the sun-ey 
of 1835, when the current was kept longer together by 
more projecting fauces terrce, and by hard sand-banks, 
which prevented the stream from spreading, there were 

* Reports to the Government of India on Indian Harbours, by George Robert' 
son, Civil Engineer, 1871. 
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to 17 ieet on tlie bar. Since then, the fauces terra 

\ieen gradually eaten away by encroachments of the 

:iuii the survey of 1852 shows that a bar was be- 

™.mg to form with only 13 feet on it. In 1858 the 

Mr had completely formed, but was very narrow. These 

surveys illustrate the tnie theory of the formation of bars 

.'c-r mouths more beautifully than any set of siu-veya 

Ml which I am acquainted ; for it seldom happens that 

l\iQ fauces terne of a river are so much eaten away, and 

tliB results of their diminution bo plain." 

A stroQg argiunent in fiivour of the explanation I BaraaiiaUoweBt 
Ii3ve proposed is to be found in the fact that these bars mm. 
are invariably in their shallowest state after heavy seas. 
This view is also borne out by the material of which they 
'-^' (.-ninpoeed. I have examined with care the deposit 
'Le mouths of many such estuaries, and I have in- 
;iauly found that the bar and outer banks consisted of 
oarae-grained sand, without a particle of alluvial matter, 
^Mch, as I shall have occasion afterwards to notice, ia 
lined to the inner bed and banks of the river. 
Indeed, when it is kept in view that the river water 
liiata on the heavier salt water of the sea, and that the 
firrent on the bar ia invariably stronger than on the 
sliallow aand-banks on either side, it is impossible that 
He light matters held in suspension by the river can 
"settle down" or "deposit" on the bar. On the con- 
liary, they are swept out by the rapid ebb current, and, 
la baa been already mentioned, can often be traced for a 
considerable distance out to sea. 
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experiments at the mouth of the Wear, to ascertain 
whence the material dredged from and deposited on the 
bar had been brought. The dredgings consisted of sharp, 
gritty sand, brickbats, chalk, flints, pebbles, and marly 
rock materials, precisely of the same character as had 
been deposited on the beach adjoining the entrance to the 
harbour. In order to test this, a number of small billets 
of wood loaded with lead were deposited at various 
points, and these were gradually moved by the action of 
the waves towards the harbour's mouth, and Mr. Meik 
states that there is only one inference to be drawn from 
the experiment, and that is, ''that by the agency of the 
flood-tide, ballast and other material has been swept from 
the east foreshore of the south dock to the harbom: 
mouth, and there settled in the deep water channel, to 
the prejudice of the bar." 

In open iMtys, in extreme exposures, such, for example, 
as Wick in Caithness, no indication is to be found of a 
sand-bank across its mouth, the violence of the waves 
prevents its formation, and the whole bottom of the bay 
becomes a submerged beach. 
Depth over bara From what hss bocn Said, the reader will at once see 
ue o scour. ^^^^ ^^^ depth of wator on such bars as are caused by 

the waves of the sea, is due to the scour produced by 
the tidal currents, which cross them four times in every 
twenty-four hours. These two agents, the tvaves and 
the tidal scour, are constantly opposed the one to the 
other, and the general principles which should guide the 
engineer in all designs for increasing, or even maintaining, 
the depth upon sea-bars, is the preservation of a suflS- 
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it amount of tidal water to counteract the tendency of 
Liie sea to heap up detritus at the mouths of our harbours. 

That the beds of the upper parts of rivers are scoured, 
ami their depth maintained by the flow of the freslt- 
vater stream, is not to be questioned ; and it is also 
lieyond doubt, that in many situations the upper portions 

;he tidal compartments of rivers are kept open in a 

. t-at measure by the /r«s/i-wo/er stream, as shown at 

page 192 ; but it seems to me to be no less certain that 

t!ie opinions which would assign the depth of water in 

■•/ lower parts of tidal rivers, and also through estuaries, 

itiy other cause than the action of tidal water as the 
'■liief agent, are erroneoixs. In proof of this, I think, I 
have only to refer to some of the investigations which have 
from time to time been made to ascertain the amount of 
the river or frash ■tvater, aa compared to the volume of the 
tidal wnter of some of our firths and estuaries. 

By means of a series of careful observations and compnrison of 

■f .^ T-*- 1 ' river unci l^dul 

measurements made at the Cromarty Fu1:h m 1837, tOwnierm 
which reference has already been made, Mr. Alan Stevenson 
found that the river Conon, when highly flooded {a state 
of matters which of course occurs only occasionally), dis- 
charges during twelve hours a quantity which is only equal 
to ^^th part of the water which passes out of the firth at 
every ordinary spring-tide, and 2^*'^ ^^ ih&t which passes 
out at neap-tides. In its summer-water state, the produce 
of the river is reduced to y^Vr *^f t-he discharge of the 
firth in spring, and t-J-j- of the discharge in neap-tides ; a 
quantity too small to affect appreciably either the velocity 
3 currents of the firth or their scouring power. It 
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has often been aigued, that in situatioiis where the vd 
city of the ebb exceeds that of the flood-tide, the exa 
is due to the increased quantity of water passing out ^ 
the ebb, the volume of the ebbing waters being a 
to be augmented by the amount dischai^;ed by the riw 
But this is wholly disproved in the case of the Crom 
Firth ; for while the increased quantity due to the r 
is seen to be only from T^r ^ tbVt- ^^^ average velo< 
of the flood-tide at that phice was fotmd to be 2'9 i 
per hour, while that of the ebb was 3'6 ; an inci 
which la in all probability due to the tide beyond J 
Suters falling moj-e rapidly than it rises, and thus ] 
ducing a greater head and more rapid current on the ell 
or to some action of the under-currenta which have 1 
stated to exist there, but is assuredly not due to l 
augmentation of water from the discharge of the Con( 
The Tay presents another example of the dlsproport 
between the tidal and river waters. That river, as gau( 
by Mr. Leslie when in flood, was found, including i 
Earn, to discharge 969,340 cubic feet per minuta 
Widker, in his Report to the Trustees of Dundee ] 
hour, assumes the discharge in round numbers at i 
milUon cubic feet per minute, or 240,000,000 during f<J 
hours, and arrives at the following conclusion :■ 
compare the above with the efiect of the tidal water I 
Dundee, I asgume 15,000 acres as the average area {abod 
Dundee) of the reservoir or estuary dming the first f<m 
hours of the ebbing tide, and the vertical fell of t 
during these four hours to be 11 feet. This will | 
7,187,400,000 cubic feet, or thirty times the 240 mUlioj 
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E river water. To compare the effect upon the bar, tlie 

. of the river between Dundee and the bar must be 

ded ; and the tidal water upon the bar will be upwai-ds 

JtJ<>^!/ times the river water," and this, it should have 

1 added, only at the exceptional times when the rivers 

i m high flood. One other example may be given to 

w the disproportion between the areas of the inner 

outer channels. At the Dornoch Fii-th the high 

r area of the channel, at Bonar Bridge, is 459 square 

s ; at Meikleferry it is 9047, and opposite Whitness 

nt it is 25,183 square yards, being fifty-live times 

«r than at Bonar Bridge. 

Backwater. 

But to the effect of the sea^waves to collect, and 
I tidal scour to remove, sand-banks, may be traced 
origin of a very important question, which has 
sioned much discussion and difference of opinion 
long engineers, and may be stated as follows : — 
iTithin the bars of all rivers or firths there is a certain 
or area over which there flows at every tide 
amount of tide-water measured by the extent of 
I area, and the depth to which it la overflowed. The 
ier so impounded at high-tide is what is called " back- 
er," a term due, no doubt, to its passing back to the 
lover the bar, and the question to which I have alluded 
Bving so much engaged the attention of engineers, is, 
■ far this area occupied by backwater may be en- 
hed on by solid works displacing the water, without 
ioualy affecting its scouring power on the bar and 



water maybe 
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lower reaches of the river. At first sight it might seem 
safe to pronounce that no occupation of tido-oovered space 
can be made without prejudiciallj affecting the scour, but 
after a little more inquiry we shall see that this is not 
strictly the case. 
DiifeTCiit Now this question of backwater presents itself to the 

whkMMurk- engineer in very different aspects, as modified by the 

varying physical features of different localities, and per- 
haps, in treating of it, I shall most satis&ctorily illustrate 
its bearing on navigation by referring briefly to some con- 
troverted cases in actual practice, which were argued 
wholly on the question as to whether, in consequence 
of certain works, and under certain physical conditions^ 
backwater might be excluded without prejudicially less- 
ening the scouring power. The cases selected illustrate, 
to a certain extent at least, the different aspects under 
which the engineer may be called on to view the question, 
and I do not doubt that other illustrations will occur to 
other engineers, founded on their own experience. 
At Hartlepool Tho first cxamplo to which I shall refer is Hartlepool 

Immediately above the harbour there is a tide-covered 
area of 173 acres, called the " Slake," communicating with 
the harbour by a narrow entrance. The whole of the 
water, which at every flood-tide pours into, and at every 
ebb flows out of, this vast natural basin, passes over and 
scours the sea-entrance into the harbour of Old Hartle- 
pooL The harbour authorities placed gates across the 
entrance to the Slake, and, in order to render the scour 
more effective, impounded the water at high-tide, and at 
low water allowed it to escape through large sluices 



Slake. 
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led in the gates so as to act upon the barbniir between 
'-ebb and low water, at which period the scour is found 
e most efficacious. A proposal was made by a com- 
y seeking powers imder an Act of Parliament to 
loee a portion of the area of the Slake, and I was 
ointed to report to the Admiralty on the propriety of 
ioning the encroachment. After fiill inquiry I had 
difficulty in advising that the proposed encroachment 
Id decrease the scouring power, because it was proved 
ividence that when the gates were left open the high- 
mark in the Slake, and that in the outer harbour 
md the sluices, attained exactly the same level, show- 
that the basin was not too largo to contain all the 
that could be supplied by the flowing tide, and 
Tore, that it was not safe for the Harbour Trustees to 
with any portion of the tide-covered area. The 
;t of closing the tide-gates and permitting the Slake 
be filled by the sluices was also stated in evidence, and 
result is interesting and important. It appears that 
tn the tidal flow into the Slake is checked by shutting 
gates, and the only supply is made to pass through 
sluices, their water-way is not sufficient to fill the 
n, and the high-water level does not, in that case, 
within four inches of the natural tidal range out- 
80 that a quantity of water, amovmting to upwards 
90,000 cubic yards, is excluded when the Slake is filled 
3ugh the sluices. 

The other case to which I shall refer is the tidal basin a 
Montrose, which will bo found to present a totally dif- 
int tidal action. The basin at Montrose has an area 
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of 1200 acres, and, like that at Hartlepool, m a natttrai 
reservoir which bcouts the sea-channel of the harbour, 
From careful obBervations made by Mr. George Buchanan, 
it was found that on an average of tides the high watc 
in the basin is upwards of 9 inches below the level of the 
high water outside, indicating that the flood-tide does nofi 
flow eufliciently long to fill the basin ; and from thia fact 
it was assiuned that a proposed embankment, which 1 
the eflect of reducing the area of the basin, might 
sanctioned without injury to the scour, as the only resuli 
would he to cause the water displaced by the embank' 
ment to spread itself over the surface of the basin, slightly 
raising its level, and thus compensating for the portioa 
abstracted. With reference to a portion of the water thia 
is no doubt true, but it would not be safe to carry this 
assumption beyond a certain limit, for, as suggested by 
Mr. Buchanan, though the level of the water in tbei 
basin be raised by water which formerly occupied thft 
space enclosed by the embankment, it must not be over-^ 
looked that the velocity of the ciurent flowing into the 
basin will be reduced in proportion to the reduction of 
head between the surfeces of the water within and without' 
the basin, so that the abstraction of backwater in such a 
case must depend on whether there be time for the basin 
to fill with the reduced head. 

Hartlepool and Montrose are basins into which, as I 
have explained, the sea ebbs and flows ; but there i 
other cases connected with tidal rivers in which the 
" backwater " question forma an important element: for 
example, Birkenhead Dock on the Mersey. The scheme 
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that work, designed by the late Mr. J. M. Kendel, 
itemplated a displacement of 3,750,000 cubic yards of 
t id&-water fi*oin Wallasey Pool opposite Liverpool, cover- 
lug an area of neai'ly 300 acres. This was opposed by the 
erpool Dock Commission on the alleged injury that 
abstraction of so much water would produce on the 
Ixw. The promoters of the Wallasey Pool scheme con- 
tended that no abstraction of water would take place in 
consequence of the wall they proposed to erect across the 
mouth of Wallasey Pool, and averred that the water which 
ibnnerly flowed into the pool would, after the erection of 
wall, flow into the upper part of the river, and be as 
ive as ever in scouring the bar. This averment was 
on the restilt of tidal observations which showed 
it the wide expanse caused by Wallasey Pool produced 
decrease in the velocity of the tidal currents, and a 
►ression in the level of the water opposite tlie pool 
m observations also showed that, notwithstanding the 
lurbance of tidal flow caused by Wallasey Pool, the 
water moved up the estuary with a momentmn which 
raised the level of high water at all the stations in the 
upper part of the river. Thus taking Princes Basin, 
nearly opposite Wallasey, as zero, the means of the heights 
of spring and neap tides at different points were as fol- 
lows :— 



Princes Basin, 
Ellesmere Port, 
BuDconi, . 
FicUcis-ferry, 
Watiiogton, 



n 
10 



i 
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I Level Mt whi 
L bukwater ii 

lalMtnctad. 



It fVuther appeared from calculation that the ruising 
of the level of that part of the estuary which Ues alwve- 
Watlaaey Pool to the extent of I -14 inch would give i 
amount of water equal to the whole quantity displaced bj 
the closing of the pooL After considering all the data 
adduced, I came to the conclusion arrived at by Mk 
Eendel and the other engineers who supported the Bill, 
that the wall, if built in the line proposed, would regulate 
the current, restore the lost momentum opposite to thi 
pool, and cause more water to pass into the upper reached 
of the river, and that on the whole the scoiu- on the I 
would not be appreciably afiected. Alter a contention o 
twenty-four days before Committees of both Houses c 
Parliament in 1844, the Bill was passed, and the wall hat 
since been made, and Mr. Lyster, the present engineer t 
the Liverpool Dock Commission says — " The abstraction 
of water by the construction of the Birkenhead Docks 
had had no effect upon the bar of the Mersey, although 
at one time it was thought that the loss of so consider- 
able an amount of water as that from Wallasey Creek 
would aifect the condition of the entrance channels to the 
river, but the depth over the bar remained the same as tti 
was fourteen or fifteen years ago.'" 
b Another important question as affects scour is thf 
level at which "backwater" is abstracted. The abstra 
tion of water from a marsh on a high level covered onh 
at high spring-tides is very different from abstracting i 
equal amount of water from a space which is filled I 
every tide. 

' MUvta of PivtwUngi of (Ac liuUtulioa 0/ Cieil Eugiim-rt, so\. xxri f. 4H 
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It will readily be seen that the eflScIency as a scour of 
fc cubic yard of water filled and emptied by every tide, as 
compared with that of a cubic yard filled on\jJive times 
dunng every set of ^ring-tides, is in the ratio of 730 to 
144, not to mention the more effective scouring power 
of water discharged after half-ebb, as compared to a 
similar quantity discharged, for example, during the first 
Lour after high water. 

The value of the water as a scoiu: is therefore influ- 
enced both by its volume and by its level, and may be 
expressed as follows : — 

S cc VT. 
where V = the volume or cubic feet of water space above the low- 

r water level of the eatiiary. 

T = the number of times it ia filled by the tide throughout 
the year. 
S = the effective scouring power. 
The only other consideration that should be kept in 
view is that of two spaces, V, V, of equal capacity, and 
filled every tide, that which is lowest in position will be 

»mo8t efiective in operating on the low-water channel. 
These values must of course be held applicable only to 
different conditions of the same river where the hardness 
of the bottom to be scoured and other circumstances 

» remain unaltered. 
The different examples I have given will serve to 
illustrate the general principles on which almost all 
"backwater" questions are treated, and fixim what has 
been said it will be apparent that every new case 
that occurs must be regarded with a special view to 
its own distinctive features, as suggested by physical 



284 



INLAND NAVIGATION. 



elements peculiar to each locality, such as the configura 
tion of the banks and bed of the estuary, the Bimidtaoeoug 
levels of the surface of the water at different periods c 
the tide throughout the estuary, the velocities of tba 
eurfece and under currents at different periods of tide andi 
the times of ebbing and flowing, together with many 
other more miJmte data peculiar to cctcA. case, which it ta 
not possible to speciiy in a general summary, 
""benetii pro- Perhaps, however, the following general propositions, 

regnnJing back- if Dot in all CEses applicable, may nevertheless be held 
to represent pretty accurately our general knowledge aa 
regards "backwater :" — 

1. The depth on Bars is due to backtmter. 

2. Where the high-^vater level of t?ic surface of tke 
river, estuary, or basin is the same as, or higher tlian, the 
level seaward oj the point of abstraction, a diminution oj 
tide-covered area will reduce the effective backwater. 

3. Wfiere the high-water level of the surface in the 
river, estuary, or basin is lower Oian the level seaward of 
the point of abstraction, a diminution of tide-covered arc* 
may, in some cases, he made without reducing the effectivt 
backwater. 

4. The lower the level of backwater the greater will b 
its effect in scouring tke low-water channel, and, therefore^ 
the nearer the site of abstraction is to high-water mark & 
less injurious will he the effect. 

5. By enlarging the tidal capacity of a river at a ha 
level, where the acquired volume is filed every tide, com^ 
pensation may be given for a much lai-ger amount of 
water excluded at a higJier levd. 
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6. In consequence of the disturbing effects of the waves 
seOy the large discharge of rivers during high foods, 
and the varying nature of the beds of estuaries and bars, 
& is not possible to conclude thai loith a given quantity of 
'er, as deduced from the measurement of the tidal 
l/y of an estuary, a constant navigable dej>th cari be 
maintained over the bar. 

In many of the navigable rivera in thia country, such Lower pBtuiof 
as the Mersey, the Kibble, or the Tay, the lower part a* ih« Ucney, 
of the estuary presents the feature of large tracts ofimp'rovtduiiUM 
sand-banks, some covered to a small depth and others' ^^ *° 
drying at low water, and the bar, which we have been 
considering, is situated far to seaward — at the very out- 
skirts, if I may so express it, of these accumidations. 
It is not a little remarkable that in such circum- 
stances the position of the bar and the depth of water 
upon it, though varying from time to time, as afi'ected 
alternately by summer calms and winter storms, shoijd 
on the whole maintain for years, if not the same position, 
at least pretty much the same average depth of water, 
and, indeed, that the variation either in position or depth 
should not be such as materially to incommode navigation, 
much less to close the access to the harbour. We find, 
for example, that the entrances to Liverpool, Dundee, and 
many smaller harbours, although across bars and through 
extensive sand-banks, have always had a pretty uniform 
depth maintained by the BCour of the backwater which 
i the channels open, 
ittle has been attempted to improve the entrance to 

I estuaries by artificial works, partly no doubt from 
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the great expense that would attend any such operation, 
and partly on account of the difficulty in predicting I 
what effect such works might have on the tidal currents, J 
in situations so exposed to the sea, and how far any I 
interference with their flow might prove beneficial or I 
detriiuentaL The tendency has rather been in such lai^l 
estuaries to trust to the natural scoiir of the tidal waters, 
and by careful lighting and buoying to indicate to vessels 
the navigable track by following which the mariner will J 
find sufficient water at the proper time of tide to float hiai 
vessel over the bar and carry her to her destination. 

The changes which take place in the sand-banks and 1 
bars of such estuaries as those to which I have been re- 1 
ferrtng are capricious, and in many cases unaccotmtable, I 
For example, it is shown by existing surveys that thoj 
position of the bar at the mouth of the Tay was the same J 
in 1G89, 1816, 1833, and 1846; but a survey made inl 
1858 showed that it had shifted a Uttle to the north, and | 
what was fi-om the earUest times known as the navigablol 
channel no longer had the deepest water. Throughout! 
all the periods mentioned, however, the bar had, and I 
still has, a navigable depth for the largest vessels. 
r. At the Mersey the changes in the position of the bar I 
have been more frequent, but from observations made by I 
Captain Hills, the Marine Surveyor to the port, it does not I 
appear that they have been accompanied by any permanent! 
diminution of average navigable depth, nor, indeed, by anyl 
change in the general level or area of sands dry at lourl 
water, or in the tidal phenomena of the estuary. What! 
was called " The New Channel " of tbe Mersey, discovi 
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in 1833, continued navigable for six years, and within 

eight years of its discovery became obliterated. The 

second, or "Victoria Channel," was buoyed in 1839, and 

after gradual deterioration was disused in 1857, and 

superseded by the "Queen's Chamiel." Referring to 

observations on the banks and tides. Captain Hills states 

the area of sand-banks dry at low water as follows: — 

In 1735-6, . . . = 27-97 square miles. 
„ 1833-5, . . . = 27-82 
„ 1857, . . . = 27-06 

The meau height of high water above the Old Dock 
Sill he found to be as follows : — 

1st. Mean Height of High Water throughout the Year. 



>9 



f9 



n 



n 







No. of tides 






observed. 


1768, 


15-510 feet above 0. D. S. 


703 


1769, 


15-362 „ 


705 


1770, . . , 


15-505 „ „ 


705 


Mean of 3 years, . 


15-459 




1854, 


15-425 feet above 0. D. S. 


663 


1855, 


15-425 „ 


678 


1856, 


15-515 „ 


651 


Mean of 3 years, 


15-454 




Id. Mean Level of H 


^ighed Spring-tides throtighmii the Year. 


1768, 


18-590 feet above 0. D. S. 




1769, 


18-673 „ 




1770, 


18-816 „ 




Mean of 3 years, 


18-693 




1854, 


19-030 feet above 0. D. S. 




1855, 


18-873 „ 




1856, 


19-236 „ 




Mean of 3 years, 


19-016 
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** The conclusions flowing from a comparison of tidal 
levels, coincide with those deduced from the measurement 
of areas, and go to establish the &ct which, at first sight, 
seems at variance with every-day experience, viz., that 
the sands of the bay in two respects, area and elevation, 
present evidence of only trifling change, so trifling that 
from the data given, it would be difficult to pronounce 
whether they were on the increase or decrease." 

Captain Hills has suggested that there may be a 
regular " cycle of rotation " in the changes that are going 
on in the Mersey, but time alone can prove whether such 
be the case. The bar of the Tay seems hitherto to have 
been less variable. Such changes may be due to certain 
states of prevailing winds during high tides, and even to 
the grounding of vessels in the channel The alteration 
ill the bar of the Tay was attributed by seamen to the 
loss of a large vessel laden with jute. The effect of such 
an obstruction as a stranded vessel, in causing the cur- 
rents to act on the bottom, has been already referred to 
at page 178, where it was seen that even the bed of the 
Tay, consisting of heavy gravel, was materially altered in 
the course of a few tides, and how much greater must be 
the effect of a vessels hull swept by the currents of flood 
and ebb on the soft sand-banks in the estuaries of which 
we have been speaking. It is well known that vessels 
grounding on such sand -banks sometimes entirely dis- 
appear in the coiu^e of a few tides, the opposition they 
offer to the currents causing a scour which very speedily 
excavates a hole large enough to bury them out of sight. 

* Uills's Hydrography of the Mersey Estuary, Liverpool, 1858. 
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Oaptaiu Hills mentlona two such cases having occurred 
on the Mersey. Now, were we to suppose a vessel 
groimding even for a tide on the edge of a bank forming 
one ffldo of the bar or deep channel of such an estuary, it 
is quite possible that this, in connexion with some par- 
ticular state of the winds and tides, might so affect the 
banks as to give the cxurent, and ultimately the navigable 
channel, a tendency to shift, which succeeding disturbances 
might BO encourage and increase as ultimately materially 
to alter the navigable track. Dock and other works are 
also being formed on the estuary, both of the Mersey and 
Tay, which, though not decreasing the depth, tnay pos- 
sibly 80 afiect the outflowing ciurents, as, in combination 
with certain eitates of -wind and tide, to have some effect 
in varying the courses of the outer channels. 

To trace all the movements of the channels and banks 
of open estuaries to their true origin would indeed be 
hopeless, for winds and floods, as well as stranded vessels, 
may each or all have their share in giving a current a 
slight direction, which, once commenced, may terminate 
in a new channel and newly formed sand-banks. Aa an 
example of the strange freaks, if I may so express it, 
that are to be met with in the movements of banks, I 
may refer to a case on the Tay, where a sand-bank, in 
the course of a single year, changed its position without 
altering its form. Fig. 58 shows the part of the estuary 
of the Tay, opposite Ealmbreich Castle, where tliis 
occurred. In surveying the river in 1833, the bank was 
found to have the outline and occupy the position shown 
in dotted lines. In 1834, on resuming the siu-vey, the 
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position of the bank was found to be altered. It had 
retained nearly the same outline, but had shifted about 




Fig. 58. 

700 feet ftirther up the estuary, and occupied the position 
shown in hard linea I never met with so striking an 
instance of what I may term altered strength of tidal 
currents without alteration of their direction; for I 
believe the general movement of the particles of sand 
composing the bank was caused by decreased power due 
to little rain-fall, while nothing had occurred to alter the 
direction of the currents, so that the particles of sand 
were carried forward in the direction of the flood current, 
and deposited so as to present nearly the same outline as 
shown in the illustration. 



The Wear. 

BareofBuch Somo of OUT rivers, however, such as the Wear and 

wewMdthe the Tyne, have not much of what may be termed the 
i^romf i^ estuarial features, and require different treatment. The 
protecting piers. ^^^g^j^^^-Qj^ of piers for improving the entrances to 

such rivers is often highly beneficial I shall take as 
an example the Wear, which is shown in fig. 59. In 
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its natural state, axith. a river as the Wear flows across 
the beach from high to low water, in a broad and 
shallow channel, the direction of which is ever chang- 
ing. It thus forms a long bar or shoal, with broken 




eaUNQINCS AT LOV « 



water throughout its whole extent. But the pro- 
jection of piers across the beach affords shelter from 
the waves, and admits of a navigable channel being ex- 
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cavated and maintamed ; and after a vessel entoing tlie 
rhrer crosses the short bar, which occurs at or near the 
per-heads, she not only gets mto deeper water, bat has 
the additional advantage arising jGrom the shelter afforded 
b J the piers. To this extent pi^s in such situations are 
highl J advantageous. The j further act beneficially in 
directing the flow of the tidal currents in a fixed channel 
across the beach, and, in connexion with an increase of 
tidal capacity in the interior, such as I have mentioned 
as the result of the works on some rivers, they cannot 
fidl, if judiciously designed, to operate beneficially, by 
pig^mfAJTiiTig an increased depth of water on the bar. 
Founding on these views, when consulted in 1858 by 
the Commissioners of the river Wear, as to the best 
means of permanently deepening the bar which extends 
between the heads of Sunderland piers, Messra D. and 
T. Stevenson recommended the construction of covering 
piers, as shown in dotted lines, with an entrance 1200 feet 
seaward of the present pier-heads, and described their 
action on the entrance to the river in the following ex- 
tracts : — 

" Protection from the action of the sea, and increase 
of backwater, are the means of operating effectually in 
keeping down the bar of the Wear. The effect of in- 
creased backwater, due to the improvement of the river, 
would undoubtedly, as stated in former reports, act very 
beneficially. But nevertheless, so long as the bar is ex- 
posed to the undiminished action of the sea during heavy 
gales, it must be subject to constant changes in its depth 
of water ; and this variableness in the navigable channel, 



'SEA PROPSK COMPARTMENT OF RIVERS, 293 

Kciallif with tJie larger draught of vessels to be now 
nvnodated, must doubtless be attended vnth mcon- 
ience and obstruction to the trade of the port, which 
I most desirable to avoid. We have therefore con- 
it necessary to submit to the Comraissionera a 
. of improvement baaed on the fundamental principle 
f protecting the bar fi^m the tendency to heap up or 
umulate during heavy seas. . . . We may state gener- 
lUy that the effect of these piers will be to protect the 
ptrance to the harbour, and to allow the tidal scour to 
t finely on the bottom, and maintain a greater depth on 
I bar, while the deeper water in which the pier-heads 
I proposed to be foiinded, will prevent the bottom at 
he outer entrance from accumulating or rising, bo oa to 
act as an obstruction to such vessels as the interior of the 
harbour is capable of accommodating." 

There are, however, rivers which present very different b 
characteristics from those we have been considering, both 
as regards the fresh-water stream and the action of the 
sea, and it will be interesting to notice them ; I allude to 
BOch rivers as the Mississippi and the Danube. 

Mr. Ellet, though founding his views on totally dif- 
ferent premises from those I have laid down, also comes 
to the conclusion that the bars of the Mississippi are 
not due to the materials deposited by the out-going 
stream. But I shall give his interesting explanation in 
his own words. I have, however, no information to 
enable Me to form an opinion as to its correctness. It 
-is based on the feet already described in Chapter V., 
; at the junction of a river with the sea, the il-esh 
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water flows in a stzatam above, and distinct from, the 
sak water, for some distance after entering the ocean. 

Founding <hi this, Mr. Ellet says,—" The velocity of 
tlie river is not destzt>7ed, nor veiy sensibly diminished, 
at the barai Whoi the river was rising, but still &r 
Crom heang at full hdght, I measured the velocity of the 
current on the bar <^ the Pass k la Loutre, and found it 
to vazy, at different times and places, from 3 feet to Z^ 
feet per seocmd, or from 2 miles to 2^th miles per hour. 
I measured it also repeatedly on the south-west bar, and 
found it there 3 feet per second, or about 2 miles per hour. 
But there are many parts of the river where the speed 
of the current does not exceed 2^ miles, or even 2 miles 
per hour, in times of flood, and where it is, notwith- 
standing, more than 100 feet deep. In &ct, on testing 
the velocity of the south-west pass, 4 miles above the 
bar, and in 5 fathoms water, I feund the current to be 
but 2 miles per hour, — ^precisely the same as it was 
imder like circimistances of wind and tide on the bar. 
The current of the Mississippi sweeps over the bars at the 
mouths of the passes, and at periods of flood many miles 
out into the gulf, with a velocity almost imdiininished 
by its contact with the waters of the gul£" " The river 
water does not mix suddenly with the sea, but rises upon 
it, floats over it, and rushes fitr out into the gulf on the 
top of the dense sea water, by which it is buoyed up. 
I tested this repeatedly, and found imiformly a column of 
fresh water, nearly 7 feet deep, in the gulf, entirely out- 
side of the land, and salt water at a depth of 8 feet from 
the surfiu^, and extending thence to the bottom. The 
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; i vet does not come down with a certain normal depth 
irid speed, and encounter the gulf at the bar. No such 
jirocesa takes place. There is no sudden destruction of 
velocity, or consequent deposit of suspended silt. But 
the water of the Mississippi does not move over the sur- 
flice of the gulf at a speed of 3 feet per second without 
imparting a portion of its motion to the sea.' The fresh 
water and the salt water take the same direction towards 
the sea, and with nearly the same velocity, hut yet keep 
separate. This state of things clearly cannot exist at the 
bottom ; for as the river water is for ever coming for- 
ward, if the salt water all flowed towards the gulf, it 
would all be carried out, and river water would take its 
place. Salt water must come in from some quarter, to 
supply the current of sea water that is for ever setting 
towards the gulf, beneath the water discharged by the 
river. This salt water can only come from the sea, and 
can only come in along the bottom. It is, in fact, an 
eddy that is here at work, the movements being in a 
vertical instead of a horizontal plane. Now, the ques- 
tion is, How does this account for the existence of the 
bar ? The fresh water running out cannot produce de- 
posit, for it has velocity enough to sweep away a foun- 
. dation of coarse gravel The outpouring salt water 
mediately beneath the fresh, cannot produce deposit, 
»use it also has a velocity seaward strong enough to 
move anything that is brought down the MississippL 
lie salt water that ia coming in might produce, and I 

' This ia in harmnny with Ventnri'i well-known oxporimonti, from whirh lio 
found, thnt a bwly of water in motion leads or ilngi with it the [lartialui ul 
water at reit with which it may b« in contact 
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doabt not does produce, a depoat, finr it passeB over the 
soft muddy bottom of the goU, and moves into the river, 
and along the bar, at a very slow rate. According to 
these &cts, and this reasoning, there must be usually on 
the bar three distinct strata : Isl, Fresh water, running 
out at top, found by experiment on the 8.W. bar to have 
a velocity of 3 feet per second. 2d, Salt water below the 
fresh, aL90 running out with nearly the same velocity as 
at top ; and Sd, Salt water coming in slowly along the 
bottom, and apparently a sheet of salt water between 
that running out and ihat coming in, which will be with- 
out motion. 

"But as ab-eady said, and as is obvious, aU the sea 
water that comes in must go out again. It comes in 
along the bottom, and it must go out between the column 
of salt water coming in and that of the fresh water going 
out. Each particle of salt water, therefore, must change 
its direction and position in elevation. It must pass fit)m 
an inward-bound lower stratum to an outward-bound 
upper stratum. But in passing through this change of 
motion, its velocity up stream must be neutralized. It 
passes, to use a technical term, the dead point. At this 
point it may cease to bear its whole burden of mud, 
which it has brought from the gulf fiirther forward. It 
leaves it, or a portion of it, at the turning-point. This 
turning-point is the place where the bar for the time 
being is in process of formation. But as the upper and 
lower strata are moving in opposite directions, the rater- 
mediate column must of necessity have a rotatory motion. 
That motion must be shared by the lower coliunn of salt 
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water, and this turmng-pomt must therefore be formed 
at the wane time at difierent places along the bar." 

The Danube is interesting as an example of a large R 
river having been successfiUly treated by the construe-™ 
tion of piers, and also, as the reader will find, in the origin in 
of its " bar " as diatingiiiahed from the searbars treated of 
in the be^nning of this chapter. 

In 1856 the " European Commission of the Danube" 
was appointed under the Treaty of Paris, and consisted 
of seven delegates, representing England, Austria, France, 
Prtissia, Russia, Sardinia, and Turkey, and Its object was 
to improve the bar of the river, and open the navigation 
to the traffic of all nations. The Danube, after flowing 
over a course of 1700 miles, and draining 300,000 square 
milee of country, enters the Black Sea by three separate 
mouths — the northern called the Kilia, the central the 
Suiina, and the southern the St. George's mouth. The 
6rst duty of the Commission, with the advice of Sir 
Charles Hartley, who was appointed their engineer, was 
to select one of the three moutha for improvement, which 
waa by no means an easy task, as each of them presented 
advantages peculiar to itself, and after much consideration 
the Suiina or central channel was selected, and although 
considerable difference of opinion exbted as to the pro- 
priety of the choice the result has shown that the course 

ipted was judicious. 

The Danube discharges in ordinary flood no less than 
■enty millions of cubic feet of water per minute, enters 
a tldeleas sea, and we have a totally different class of 
phenomena to deal with from those of the kind which I 
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have just been considering. The river brings down an 
amount of detritus which has been ascertained by Sir 
Charles Hartley to be equal to 27 cubic inches per cubic 
yard, and to be equal, in cases of high flood, to no less 
than 600,000 cubic yards of solid deposit in 24 houra 
like the Mississippi and the Nile, the Danube owes its 
extensive delta to the gradual accretion of this sedimen- 
tary deposit, and the bar at its mouth is due to the same 
action. It therefore differs entirely from tie bars in iiiis 
coimtry, as is well exemplified in the &ct, as has been 
already stated, that, whereas in our harbours the bars are 
always devest when the sea is calm and the rivers are in 
flood, and therefore most efficient as scouring agents, at 
the Danube the bar is, on the contrary, invariably shal- 
louoestwhen the river is in flood, because it is then charged 
with a larger amount of detritus. 

Another feature of difierence in the treatment of such 
a case as the Danube is to be found in the circumstance 
that there is no reversal of the current due to tidal influ- 
ence, and therefore it is unnecessary, in fixing the direc- 
tion of the piers, or indeed in designing any of the works, 
to provide for the admission of tidal water to act as a 
scour on its return to the ocean, a provision which always 
demands special attention in designing tidal works on our 
coasts. 

The works executed at the Sulina mouth, as shown 
in fig. 60, consist of a north pier 4640 feet in length, and 
a south pier 3000 feet in length, both built of pierres 
perdues surmounted by a timber staging, with an entrance 
between of 600 feet, and the slightness of their structiu^ 
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indicates the modified character of the waves to which 
they are exposed. 

The works, which are understood to have cost about 
£100,000, are highly creditable to the talent and energy 




Fio. 60. 



of Sir Charles Hartley, and have now been completed for 
nine years, and their effect has been most satis&ctory, as 
proved by the fiujt that, previous to their construction, 
the depth on the bar never exceeded 11 feet, and jfre- 
quently fell to 8 feet; whereas, according to the last 
accounts firom Sir Charles Hartley, the depth for the last 
five years has never been less than 15 feet, and has often 
been as much as 17^ feet. 

It is obvious, however, that as the Danube must con- 
tinue to bring down an enormous mass of detritus, so, in 
course of time the works which have proved so successful 
must be extended — an event which has been fully antici- 
pated by its projectors, aud in this respect we find an 
interesting difference between such works as the Danube 
'piefTQ and the harbour works of this country, for here the 
object being to prevent the waves firom acting on the 
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bottom, the engineer extends his works out into a depth 
of water where there is little or no disturbance of the 
bottom; and if this is once secured he may calculate on 
the increased depth of water remaining permanent, where- 
as at the Danube the piers must be projected to keep 
pace with the gradually increasing delta at the river's 
moutL 

Hard Babs. 

In other places we find what are termed " hard bars," 
which I have still to notice. For examples of these I 
refer to such places as BaUyshannon in Ireland, or Loch 
Fleet in Sutherlandshire, both of which I have had 
occasion professionally to examine. The bar at Loch 
Fleet, for example, is composed of boulders firmly im- 
bedded in a maas of indurated gravel, aixd is obviously a 
continuation of a bed of similar formation which seems 
to traverse the coast at that place, while that at Bally- 
shannon is simply a heap of large boulders. The con- 
sequence, in either case, is that no scouring power can 
make the least impression on the channel Such bars are 
entirely due to the hardness of the bottom, and though 
their hardness makes such obstructions troublesome to 
remove, and though, moreover, they are generally in 
exposed situations, still they are comparatively easily 
treated by the engineer, and an encouraging prospect is 
always held out that their removal will be attended with 
permanent benefit, since by excavating a channel through 
them we at the same time remove the evil and its cause. 
Groynes. The cntrancos to some rivers are greatly impeded 
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by shingle or gravel, carried along by the waves from 
the adjoining shores, and deposited in the channel I 
have known such deposits, if not wholly removed, at least 
greatly modified by erecting groynes across the beach in 
such a position (depending on the direction of the heaviest 
seas), as either to collect the shingle and retain it until 
it can be carted away, or to lead it past the harbour 
mouth altogether, and force it onwards to a place of 
deposit in an adjoining part of the coast ; and when this 
can be brought about, the engineer may congratulate 
himself on having designed a very successfiil work. 






CHAPTER XIII. 

RECLAMATION AND PBOTECTION OF LAND. 

Schemes for gaining land and improying navigation not generally compatible' 
Illustrated by the Dee — Depression of low- water line apt to mislead, as tested 
in the Lime — Increase of tidal water at the Lone, Tay, and Ribble, and its 
efifect as a scouring agent — ^Adjoining property benefited by river improve* 
ments — Process of land-making depends on amount of matters held in sni* 
pension — Heaviest matters found next the sea in tidal estuaries, the reverse 
in such rivers as the Danube, etc. — Sise of particles which estuaries are 
capable of carrying — Weight of different dex>osits in the bed of the Clyde 
— Quantity of matter held in suspension by different rivers — ^Formation of 
deltas — Level of vegetation in marsh lands — ^Works for protection of marsh 
lands — ^Works for protection of land in open estuaries. 

Schemes for SucH twofold schemes as have for their ostensible 

gaining land 

and improving object the improvement of rivers and the formation of 
generally com- laudy havo generally been unsuccessful in benefiting navi- 
'^''^^'- gation. I do not affirm that river works, constructed on 

the principle that has been advocated in the foregoing 
pages, have not the eflPect of making land, in the par- 
ticular sense in which I shall afterwards explain it ; but 
land-making is no part of sound River Engineering. 
Judiciously designed works may, as I propose now to 
show, reclaim and protect land, while at the same time, 
as their primary object, they improve navigation ; but I 
know of no case where the interests of navigation have 
been promoted by any measure which has for its main 
object the construction of walls designed to convert laige 
tracts of tide-<50vered sands into cultivated fields. 
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River Dee. 
I shall reier to the Dee, in Chesbire, as an aggravated 
nee of the iiicompatibility of the two interests.^ The 
ttline of this river is shown in Plate V., from a am-vey 
. Stevenaon, made in 1838. The River Dee 
upany, incorporated by Act of Parliament in 1732, 
ftve from time to time reclaimed from the upper part of 
he estuary a large tract of land, extending to about four 
uousand acres, which is now in full cultivation ; and 
ide of this gradually gained territory the river has 
I conducted from Chester to near Flint, in a narrow 
1 of about 8 miles in length, and 400 feet in width. 
L considerable portion of land has also been reclaimed on 
s Flintshire side of the estuary, though not by the pro- 
rietors of the Dee Company ; and it is believed that the 
;B.te amount which has from first to last been gained 
» the sea is about seven thousand acres. Now, it is 
rell authenticated that previous to the commencement 
of the land-making operations on that river, there was a 
depth of not less than a fathom at low water of spring- 
tides up as iar aa Burtonhead, and that there was an 
anchorage for vessels of the largest size opposite to Park- 
gate, the positions of which places are marked on the 
plan. But when I surveyed the Dee in 1838, the depth, 
of 6 feet was not fomid for more than six miles below 
Burtonhead, the low-water features of the estuary having 

' Orrat Britain CooMing Pilot, by Captain GreenTiJIe CoUitiK. Hyilrographer 
Id Onliaary ta the King's Mo«t Excellent Mnjesty, London, 1TG7 -, Beportt to the 
Admiralty, by CkptUQ Wwliington ; Report <if Titlal Harbour Contmluionert ; 



1 



304 INLAND NAVIGATION. 

been forced to that extent fitrther seawards hy the ex- 
tensive reclamation of land in the upper part of the estu- 
ary, and the consequent diminution of the tidal scour. It 
cannot, we think, be disputed, that the effect of the works 
executed on the river Dee, whatever may have been the 
anticipations of their projectors, has been to shut out the 
sea, and form land at the expense of the navigation. 

The process followed in carrying out the land-making 
works was to construct a high bank, rising 9 feet above 
the level of high water, so as to confine the liver to the 
south side of the estuary. The tidal water, which was 
admitted to flow fi:'eely between the bank and the north 
coast, quickly deposited layer after layer of sand and silt, 
and in fitct shut itself out, and so soon as the surface had 
attained a sufficiently high level, a cross bank was con- 
structed between the main emlmnkment and the north 
shore, and thus the large area shown on the plan was bit 
by hit reclaimed. The reclaiming banks were gradually 
strengthened and pitched on the outer face, and sub- 
stantial sluices were formed, which are shut against the 
ingress of the rising tide, but being open at low water, 
allow the drainage-water to escape from the reclaimed 
ground, some of which is still below the level of high 
water. 

It will at once be seen that the works constructed iq 
the process of land-making, as carried out on the Dee, were 
totally different from the low-water training walls which 
I have described. The system pursued is in fitct in direct 
opposition to the principles of River Engineering which 
have been laid down, and the result, as has been seen, 
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1 not boeu favourable to navigationj at all events in 
i case of the Dee. 
But an objection has sometimes been raised to navi- oepreMi 
;ation works foi-med on the principles laid down, which it apt to tuiaiud. 
necessary to notice. The change produced on the 
ative levels of the low water and the banks, by the 
rpreaadon of the low-water line, described at page 250, 
lave sometimes led to considerable misapprehension. 
I lowering of the am-face of the water when the river 
3 confined by walls in the lower part of an estuary, in- 
iriably conveys the impression that a great rise has 
ken place in the level of the adjoining sand-banhs, and 
l' H has consefjuently been thought that the erection of 
river walls is inconsistent with the principle of non- 
exclusion of tide-water which I have been advocating. 
But leaving out of view, for the present, the enormous 
gain to the navigation by the increased scour, due to the 
enlargement of the channel, as explained at page 224, it 
can be shown that even the increase of the sand-banks 
may be greatly misunderstood and exaggerated. 

In its natural state, the channel of such an estua:y as 
the Lune or the Ribble, as already explained, is subject 
to constant change of position. I have seen many acres 
of maj^h or grass land in such estuaries carried off by the 
sea, and the soUd matter of which they were composed 
scattered over the shores and sand-banks. Now, the 
effect of fixing the channel by means of walls, in the 
manner recommended, la to form one permanent navigable 
track ; and the banks on either side, being no longer sub- 
ject to the periodical inroads of the river or tides, gradu- 
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ally rise in elevation until they are capable of producing 
vegetation, and ultimately become what are termed marsh 
lands. When a river channel has been thus fixed and 
confined by walls, I have ascertained by repeated obser- 
vation that the tidal water comes up the channel in a 
comparatively pure statCj instead of being loaded with 
particles abraded firom the sand-banks and marshe& It 
has also been found that the process of deposit at the 
sides of an estuary so improved goes on very slowly after 
it has reached a certain stage ; for the materials deposited 
on the upper parts of the banks are, as afterwards more 
particularly described, exceedingly fine, and are carried 
only by the highest tides, which seldom^ reach those 
elevated portions of the shores. From all these con- 
siderations I infer that the effect of river-walls upon an 
estuary is mainly to prevent the constant disturbance of 
the materials of which the banks are composed, but not 
necessarily to occasion additional accumulations. 
As tested in the I had an Opportunity, at the Lune, of testing by 
actual measurement in how fiir the raising of the banks, 
caused by the erection of the walls, was due merely to a 
new disposition of the materials which originally filled the 
bed of the estuary, or to additional foreign matters 
deposited in consequence of the operations. I am not 
aware that similar observations with this object have 
been made on so large a scale ; and as they are highly 
important in assisting our views as to the economy of 
tidal estuaries, I shall give a brief notice of them. 
Increase of tidal On referring to the chart of the Lune, Plate VIII. , 
Lune and Tay. the changing natuTO of the channel will be seen fix)m the 
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fierent courses in ■which it flowed, as shown by dotted 
To obviate this, training walls and other works 
i constructed, which caused, as might have been ex- 
, a very considerable alteration in the position and 
form of the sand-banks in the estuary. This alteration, 
in connexion with the depression of from two to three 
feet in the low-water level of the river, was apt to lead a 
castxal observer to suppose that a great accumulation of 
sand had taken place, and consequently that a correspond- 
ing amount of backwater had been excluded, and obser- 
vations were made to determine the state of the case. 
Fig. 61 represents the changes that were produced by the 
works. Over the whole area, which is represented as 
covered by sand, a deposit had taken place, the banks 
being higher than formerly, whereas the whole area in- 
cluded in hatched lines had been scoured, the banks 
having been lowered. A careful calculation was made, 
founded on numerous sections taken in 1838 before the 
works were commenced, and in 1851 after their comple- 
tion. The result of this investigation was, that after the 
completion of the works the amount of deposit on the space 
shown as sand in the cut was 3,070,146 cubic yards; 
while the amount of scour on the space shown by hatched 
lines was 2,810,449 cubic yards ; giving an excess of de- 
posit of 259,697 cubic yards. But the amount stated aa 
having been scoured does not include what has been taken 
away below Glasson and Basil points ; which has doubt- 
less been deposited in the bank above. The siurvey of 
did not afford data for ascertaining the amount 

r what had been scoured below Glasson with sufficient 
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T to admit of its being included In the foregoing 
ilationa. But an amount of scouring was ascertained 
nave actually occurred at that place, which was amply 
ncient to counterbalance the surplus of 259,697 cubic 
yards of deposit, aa given in the above statement. 

Such a result may indeed be expected ; for it is diffi- 
cult to conceive in what way parallel walls formed in an 
estuary can operate either in bringing down additional 
alluvial matters from the river above, or in bringing up 
additional detritus from without the bar. 

Holding these views, and supported by the actual 
observations made in the case of the Lune, I, therefore, 
conclude that the tendency of works executed in aocord- 
uice with the principles laid down is not necessarily to 
j-roduce additional accumulation of Tnatter, but simply to 
alter the disposition of the existing materials of which the 
bfd of the estuary tvas originally composed. 

But assuming that in some cases a deposit does take 
place, and that the gradual rising and ultimate reclama- 
tion of marsh land excludes a certain portion of tidal 
water, it is important to consider in how iar such 
abstraction of water is counterbalanced by the naviga- 
tion works, and on a full consideration of the matter 
it will be found that the compensation afforded by well- 
designed works is very much greater than is generally 
supposed. 

I have already said, at page 226, in considering the 
»tton of scouring power, that the aggregate annual 
»t of the additional water gained by the operations 
i the Tay was e<jual to two months' flow of the river 
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in its ordinary state. I have also shown, at page 283, 
that the water so gained acts on the low-water channel, 
and is therefore calculated to produce what may be called 
the maximum scouring power. As we are now speaking 
of land reclamation, it may be well still further to con- 
sider what relation this additional scouring water bears 
to the sheets of shallow water which are epread over 
extensive areas when covered by high tides. Perhaps I 
shall* best give an idea of this by stating one or two 
examples from actual practice. 

As regards the Tay, we have seen that the additional 
quantity of water filled and emptied every tide is one 
million cubic yards, and this occurs 730 times in. the year. 
Now, it is interesting to ascertain in such a case what 
area of land could be enclosed without impairing the 
beneficial effect of the tidal scour. Asauming that the 
marsh lands proposed to be enclosed may have been 
covered five or six times during each set of spring-tides, 
or say 144 times during the year, to the average depth 
of 1 foot, the effect produced upon the navigation, by the 
a^uired and abstracted tidal water, may be expressed in 
the following manner : — 

Founding on the formula, S oc V T, already given at 
p. 283, 

^^ Cabie Tudf. 

Let VT = the acquired water, viz., 1,000,000 x 730 = 730,000,000 
and vt the abstracted water per ) _ 43,560 X 1 v^ i ij^ «. oqo 070 
acre of reclaimed land, ) " 27 "" * 

then X^^^iM22:22£= 3143 acres 
vt 232,272 

— thus showing, that the improvements effected on the 
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river were such as to allow of the reclamation of 3143 
acres of land at the level referred to, without diminish- 
ing the original ecouring effect of the tidal water. In 
other words, on the Tay, there might be enclosed an area 
of marsh land covered to the average depth of 1 foot 
daring spring-tides, equal in extent to the whole but- 
fuce of the river firom Perth down to about 2 miles 
below Newburgh, before excluding an amount of water 
equal to the aggregate quantity brought in by the navi- 
gation works. 

On the Kibble, also, additional tidal water, amount- 
ing to 1,745,000 cubic yards, has been gained by the 
lowering of the river, and, applying the same calculations, 
this represents an extent of marsh land of 5484 acres, 
being equal to the whole area of the estuary from Preston 
to about a quarter of a mile below the Naze Point. It will 
thus be seen that, even if we assume the land to be covered 

a greater average depth than 1 foot, there is ample 
»m for reclamation, within certain limits, on properly 
treated tidal estuaries, with advantage both to the interests 
of the navigation company and the proprietors of land. 

It is obviously highly important if the two objects Ai(join!ng pm- 



Bbooi 



taneously ; and to a large extent this, as has been shown, 
is perfectly practicabla The attempts of proprietors to 
protect the foreshores of their lands from the encroach- 
ments of rivers in tidal estuaries, are often attended with 
great expense ; and if those efforts prove for some time 
effectual in warding off the approach of the channel, 
the land speedily takes on vegetation, and is fit for 
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pasture. But the tenure by which such property is held 
is very slight ; and the spot which to-day affords grazing 
for cattle may in a few tides become the navigable channel 
of the river. Now it is obvious that the perfect protec- 
tion from such encroachments afforded by the training 
and guiding of the low channel by longitudinal walls, 
adds materially to the value of the adjoining property ; 
for not only is the land beyond high-water mark com- 
pletely protected irom encroachment, but the marsh lands 
bordering the estuary become, in fiact, permanent property, 
and not an ever-changing benefit, held for one year and 
probably lost the next. Marsh lands so protected fiom 
waste are still, it is true, liable to be flooded by high 
tides; a circumstance, however, which is considered by 
some persons not injurious, but rather beneficial for marsh 
pasture. 
ProceMof The process of land reclamation to which I have 

alluded is generally termed "warping/' In most cases 
the tide is permitted to flow freely over the sur&ce, and 
whatever is deposited ^t slack tide contributes to the 
accretion. Sometimes the land-making is hastened by 
forming banks with sluices, and retaimng the water till 
it deposits the whole of the matter in suspension, and 
then permitting it to run off slowly. 

It is obvious that the rate at which the process goes on 
depends on the quantity of matter held in suspension, which 
varies in different estuaries. The size of detrital particles 
which are carried by the currents of estuaries depends 
on the velocity of the stream, the nature of the bottom 
along which the detritus is moved, as well as the shape 
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the particles of which the detritus itseli" is composed, 
and is altogether a subject so dependent on special cir- 
cumstances, that it is impossible to lay down rules which 
can bo generally applicable. I must therefore content 
myself with giving results as communicated by different 
authorities. Before doing so, however, I may state a rule 
which I have found to apply to the Dee, Rlbble, Lune, 
and Wear, and which I beheve to be generally applicable. 
It is, that in all tidal estuaries the keamer sands and „ 
deposits are found on the hanks at the mouth of the "' 
estuary, and the particles are lighter as we recede inwards. "' 
I have tested this on the rivers above mentioned, and 
othere, by agitating equal quantities of sand and deposit 
(taken from different parts of the tidal estuary) in equal 
quantities of water, and observing the time which elapsed, 
in each case, before the materials were deposited and the 
water assumed a state of purity. 

The result of these observations proved that the sand 
of outer or seaward banks, where the currents were strong, 
was composed of large particles, held in suspension only 
a few seconds, while in the inner parts of the estuary 
the deposit decreased in weight, and generally that it 
decreased from low to high water where the currents were 
weak and where the silt was exceedingly fine, and re- 
mained in suspension, in some cases, even for hours aft,er 
the agitation of the water. 

It will be seen that the rule I have stated ia at vari- 
ance with that propounded by Frisi, and also by Sir H. 

la Beche,' in the following terms :- — "Where the velo- 

■ De U B«oh«'i Oeologieai itanuoL 
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city of a river is sufficient to produce attrition of the 
substances whicli it has either torn up, collected by 
undermining its banks, or which have fiJlen into it, they 
gradually become more easy of transport, and would, if 
the force of the current continued always the same, be 
forced forward until the river delivered itself into the sea; 
but as the velocity of a current greatly depends on the 
&11 of the river, the transport is regulated by the inclina- 
tion of the river s bed. Now it is well known that this 
inclination varies materially even in the same river, so 
that it may be able to carry detritus to one situation, but 
may be unable to transport it Anther, under ordinary cir- 
cumstances, in consequence of diminished velocity. As 
a general &ct, it may be £drly stated that rivers, where 
their courses are short and rapid, be^r down pebbles 
to the seas near them, as in the case of the Maritime 
Alps, etc. ; but that where their courses are long, and 
change from rapid to slow, they deposit the pebbles 
where the force of the stream diminishes, and finally 
transport mere sand or mud to their mouths, as is the 
case with the Rhone, Po, Danube, Granges, etc." This 
holds true in the case of such rivers as those to which 
Sir H. de la Beche refers; but it will be found, as 
I have stated, that the case is exactly reversed in tidal 
estuaries. 
Size of particles The foUowing are the results of experiments made 
are capable of by Bossut, Du Buat, and others, on the size of detrital 
particles which streams flowing with different velocities 
are said to be capable of caxiying :- 
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Mi in. per sec = 0] 70 mile per hour will, just begin to work on 

fine clay. 
= 0-340 do., will lift fine sand. 
= 0'4545 do., will lift sand as course as linseed. 
= 0G819 do,, will sweep along fine gravel. 
= r3638 du., will roll along rounded pebbles 1 inch 

in diamet«r. 
= 2'045 do., will sweep Along slippeiy angular stones 

of the size of an c^. 

The following experiments were made by Mr. T. 
C.E., and are given in tte Proceedings of the 
tyal Society of Edinhunjh, vol. iii. p, 475. They were 
ide with a stream seldom exceeding half an inch in 
pth : and are as follows : — 



Brick-clay when mixed with water, \ 
and allowed to settle for half-an- \ 
hour, ) 

Fresh-water sand, . . . . 

Sea-sand, 

Rounded pebbles about the size of I 
P«a«. i 

Vegetable soil, . . . . 



■5C6 






T^r 



40 
66-22 



■454 
■752 
1-37 



Brick-day io its natural state was not moved by a current of 126 
feet per minute, or 1*45 mile per hour. 

The following statement by Mr. WUliam Bald, of weight of rte- 



of the bed of the Clyde, shows the variety of materials 
found in the same stream, and is a valuable record of 
the weight of the deposits which form the beds of our 
1 liverB :' — 



u tff PnKetdingt of liuliivtivn i<f Civil Enf/ine 



'I, vol. 1 
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Deposits. 


Lbs. to enbic 
feet 


No. of cubic 
feet to the ton. 


Fine sand and a few pebbles laid in the box ) 
loose, not pressed, nearly dry, . . J 

Do. do. pressed, ...... 

Mud at White Inch, dry, and firmly packed ; ) 
contained very fine sand and mica, . \ 

Wet mud, rather compact and firm, well 1^ 
pressed into the box, . . . j 

Wet, fine sharp gravel, well pressed, 

Wet running mud, 

Sharp dry sand deposit in harbour, 

Pt.-Gla8gow Bank, (sand) wet, pressed into a box. 

Sand opposite Erskine House, wet, pressed, 

Alluvial earth, pressed, 

„ „ loose, . . . . • 


87 

92 
97 

115 

124 
122| 

92 

120| 
116 

93 

67 


26 
24 
23 

19 

18 

181 

24-3 

18-6 

19-3 

24 

33 



I found the gravel of the Tay to be 1 8 feet to the ton. 

■ 

Quantity of The quantity of solid matter carried or held in sus- 

matten held In 

.«q>«n.ion by pensloix bj rivers, has also been made the subject of obser- 

different rivere. 

vation. DiJSferent observers whose remarks have come 
under my notice, have stated their results in diBferent 
ways, some giving the weight and others the hulk of 
detritus. Thus Mr. EUet says that the sedimentary 
matter transported by the Mississippi forms ^xAnr^^ P^^ 
of the volume discharged by the river. ^ Mr. T. Login, 
C.K, Pegu, states, in a paper on the Delta of the 
Irrawaddy, read before the Royal Society of Edinburgh^ 
session 1857, that the waters of the Irrawaddy contained 
YY^uth part of their weight of sediment during floods, 
and T^V^th part of their weight when the river was in 
a low state, and gives the mean deposit at 8 inches per 
cubic yard. Mr. Leonard Homer found that the water 
of the Rhine at Bonn contained from 12^00 ^^ P^^ ^f i^ 

^ Ellet, On the Ohio and Afissiasippi. 
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eight during floods to mrir^tt P^^ of its weight in 
low state.' Captain Denham found that the tidal 
■ater of the Mersey contained 29 cubic inches of soUd 
latter in every cubic yard duiing flood-tide, and 33 
; inches in every cubic yard during ebb-tide.' Sir 
barlea Lyell says: — "Hartsaeker computed the Rhine to 
lontain, when most flooded, 1 part in 100 of mud in bub- 
sion. By several obseiTations of Sir George Staun- 
; appeared that the water of the Yellow River in 
contained earthy matter in the proportion of 1 
Manfredi, the celebrated Italian hydrographer, 
I conceived the average proportion of sediment in all 
; water to be iTfjth. Some writers, on the con- 
Rtruy, as De Maillet, have declared the most turbid 
Tratera to contain far less sediment than any of the 
above estimates would import ; and there is so much 
contradiction and inconsistency in the fects and specula- 

tUons hitherto promulgated on the subject, that we must 
^irait for additional experiments before we can form any 
opinion on the subject." ' 
But assuming 18 cubic feet of BoUd matter to weigh a 
ton, the following table presents a fair view of the cubic 
measure of sohd matter, and the ratios of volume and 
weight in each case. In submitting this table, I must 
'lObeerve that the discrepancies in the statements are so 
at, that further observations are necessary before any 
isfectory conclusion can be arrived at ; but I give the 



* Artana t^f Scienet aiul Art, \HSh. 

'* Obmtvationt on tlit Mertry, by CajiUiu H. M. DenhuD, R.X., Liverpool, 1840. 

■ frineipk* t^Otob>in/, by ChurlM Lyell, F.R.S., London, 1830, vol. i. p. 247. 
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results as they have been stated by their respective 
authorities : — 



Vamib of RiTff. 


Cable InebM of 

aoM mftttwin 

erery cubic yftrd 

of water. 


BatkMofTolame 

of eoUd matter 

toTolomeof 

water. 


Ratioeofweiciit 

ofaoUdmate 

towelf^tof 

water. 


Mianaaixipi, mean, • 
Irrawaddy, in flood, . 

Do., ordinary atate, 
Rhine, in flood. 

Do., ordinary state. 

Da, mean, . 
Mersey, flood-tide, . 

Do., ebb-tide, 


15-5 

11-71 
4-1 
1-87 
1-13 
1-5 

29- 

33- 


1 


tAt 
Tzhn 

rfr) aalt 
1 fwater. 


ilS88 

S1104 



Formation of 
deltas. 



From this table it appears that the Rhine, as com- 
pared to the others, is exceedingly pure ; while the 
waters of the Mersey, on the other hand, hold in suspen- 
sion a very large amount. It must be kept in view, how- 
ever, that the source whence the sedimentary matter in 
the Mersey is derived, is very different from any of the 
other cases mentioned in the table. The main part of 
the solid matter in suspension in the Mersey, and indeed 
in aU our tidal rivers, is sand, stirred up by the flowing 
tide, and deposited again during the ebb-tide. The sedi- 
mentar^ matters in such rivers as the Mississippi or the 
Irrawaddy, on the other hand, are borne down from the 
low tracts of alluvial country through which it flows, and 
form a constant and consequentiy increasing deposit at 
the lower parts of the river. 

In all cases where the tidal currents across the mouths 
of such rivers are languid or altogether absent, as in the 
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il^stssippi, the Nile, the Danube, and other continental 
: '■ V era, the deposits brought down are not canied away, 
but form deltas, which collect with greater or less rapi- 
dity in proportion to the qiiantity of material brought 
flown and the depth of water in which it is deposited. 
Mt. Ellet computes the delta of the Mississippi at 40,000 
square rnUes in extent, its average length from north to 
south being 500 miles. Assuming the sedimentary matter 
brought down at -g-o'soth of the volume of water, and the 
<iischai^ of the river at 21,000,000,000,000 cubic feet 
fier annum, he estimates that this vast accretion of de- 
posited stufl' must have formed at an average rate of I 
mile in 90 years, giving a period for its entire formation 
of something like 45,000 years 1 Sir H. de la Beche has, 
however, with reason suggested that deltas would in- 
crease most rapidly at the first period of their formation, 
on account of the greater declivity of the river, and the 
supposition that the detritus from the interior would 
become gradually less, from the equalization of levels and 
J fewer asperities that agents have to act on ; and thus 
»mB impossible to calculate from the present rate of 
ion the time which the whole mass has taken to 
Qiiilate. 

"be depth of deposit annually left on the shores of 
riea varies as much as the amount held in suspension 
he waters, M. Bouniceau' states that marshes on 
the Seine require twelve years to rise to the level of high 
water, and gives thirty years for a similar action to take 
[ilace on the Bay of Vays, aud eighty years on the 

t CoiulTvctioiu (I la Mrr, i«r U. BoaDicemu, ji. 18C. 
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^ Scheldt. Similar variations are to be found in state- 
ments made by various authors. 

The most rapid deposit which has come under my 
notice was near the mouth of the Avon, at the Severn, 
where the channel between Dumball Island and the shore 
was silted up to the extent of 32 feet in 7 years. Fig. 62 
represents a section of a stream where the summer water 
channel was deepened and confined by longitudinal walings 
for samtaxy purposea The river when in flood raised the 
banks on either side about 3 feet in seventeen years, the 
stuff being deposited in regular layers of sand and silt 
But after the banks attained the height represented in the 
cut, the floods began to act on the sides of the channel, 
and the stream is now wasting away the accumulations 

n 



'Po 'rm.0f- - - Jk~»ybiV" 




Fio. 62. 

that have been gradually made, and this wasting action 
will no doubt go on until the sectional area is large* enough 
to allow the floods to pass off without a velocity sufficient 
to carry away the banks. The dotted line represents 
the original channel, the hard line the deposited banks, 
and the hatched portion what has been wasted away. 
This tendency to enlargement close to the edge of the 
stream corresponds to what is represented as having 
taken place at the Lune, at p. 308, where it will be ob- 
served a narrow strip of scouring is shown on either bank 
The interval opposite to the words "sand deposited," 
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where there is no hatching, is hard ground, and no sand 
r lay on it. 

The cost of reclaJming land covered to a considerable 

[epth by the tide is very great. The estimate for enelos- 

; 10 acres of land for an extensive and important public 

fork on the shore of an estuary where the rise of tide was 

[) or 12 feet was £3000 per acre, and on the same estimate, 

ut in a situation not so exposed, the cost of encloa- 

j 30 acres for dock purposes was £2000 per acre. It is, 

, to the reclamation by means of low banks of 

iheltered marshes on a high level that my observations 

taust refer ; and so much depends on the situation as wdl 

B on the area enclosed by a given length of bank, that no 

a of the cost of such works can be given that can prove 

nerally appHcable. It is, indeed, for the same reason 

lat I have avoided throughout the whole of this treatise 

jpving the cost of the works I have described, as a certain 

xpenditure in one situation might efi'ect either far more 

Iffl* far less work if laid out in a different locality, and in 

I department of engineering does this hold more tme 

lan in river and marine works. 

The process of reclamation in aU cases goes on very Level of »eget» 
lowly after it has reached a certain stage, because as i»ndi. 
h& banks rise they are more seldom covered by the 
de, and the materials deposited on the inner and higher 
s of the banks are, as already stated, exceedingly fine, 
i are carried only by the highest tides, which seldom 
ich them. Mr. Park has found on the Ribble the first 
lications of vegetation to appear about the level of 
I water of neap-tides, and this correeponds with my 
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own observations at other places. Mr. Gordon^ also 
found that in the Norfolk estuary " the samphire b^an to 
settle on the sands which the neap-tides just cover," and 
that "grass began to grow about one foot above the 
samphire level," so that the level stated may safely be 
taken as that at which vegetation commences on the 
estuaries of this country. The sur&ce will gradually rise 
by succeeding deposits, till at last it reaches nearly the 
limit of high-water spring-tides, which I have foimd to be 
the height of different marsh lands. Mr. Mitchell has 
found the same result in the United States, as on com- 
paring the height of different marsh lands their level 
corresponded to that of " the ordinary high-water level"* 
Fig. 63 is a section illustrating the manner in which 
such marsh lands are formed. The upper portion nearly 
at the level of high water is what is called " marsh," or 
" outmarsh," and is fit for grazing. In some places it is 
covered with reeds. Below this level to half tide the 
surface is covered with occasional patches of samphire ; 
farther down there is what is called " slob," consisting of 
sand covered with mud ; and lower down there is sand, 
more or less pure according to the situation. 
Works for pro- Such marsh lands as those I have described, if left 

tection of marsh • /» t t i 

lands. unprotected, must remam for ever liable to be covered 

during high floods or tides, and therefore cannot be said 
to be available as arable land without the erection of 
considerable works for the purpose of protecting them 
fi-om floods and providing for their effectual drainage. 

1 Report on Norfolk Estuary, by L. D. B. Gordon, C.E., Glasgow, 1856. 
^ On the Reclamation of Tide Lands, 1869. 
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The erection of all sucli works should be well considered. 
There are situations in which the construction of embank- 
ments for protecting land may be injurious to the in- 
terests of navigation; there are others in which such 
works, if judiciously laid out, may be harmless ; but their 
efiect in any case can only be determined by a careful 
consideration of the special circumstances of the locality 
in which they are erected I know many cases where 
the interests of navigation have been sacrificed by unwar- 
rantable encroachment ; and, on the other hand, instances 
are not wanting where even important works have been 
embarrassed and crippled by an over-cautious regard to 
the principle of non-encroachment on the high-water line. 
With reference more particularly to the operations of 
landowners, it is notorious that in many cases attempts to 
reclaim or protect property have led to serious and costly 
legal proceedings between landowners and the local con- 
servators of navigations ; and this has in some instances 
arisen from a feeling, on the part of the landowners, that 
their operations could not be regarded as prejudicial 
The local conservators, on the other hand, have generally 
no means of knowing what the ultimate intentions of the 
landowners are imtil their operations have proceeded so 
far as to render it impossible, if the interests of navigation 
require it, to stop or to remove the works without con- 
siderable loss. A difference of opinion has thus been 
raised, which has too often ended in an expensive lawsuit. 
I have long held the opinion that it would in many, if not 
in all, of our estuaries, be most desirable to have a line of 
conservation marked out by the Legislature for the regula- 
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1 of all worka for the protection of land, just as wo 

V have lines defining the boundaries of sea and river 

Were such a line of conservation defined, the 

downei-s could then with confidence, and without risk 

I challenge, enter on such worka within the legalized 

Jidury as they considered necessary for the protection 

their property, and a eoiuxie of much difference of 

oion and expensive litigation would at once be re- 

»ved. Of the cost of enclosing and maintaining such 

med lands, and their success as speculations, I am 

t enabled from any experience of my own to judge. 

Int, referring to what has already been said at page 321, 

tcan safely say that imlesa the sui-face of the marsh to 

B enclosed is on a high level, it la not expedient to enter 

1 works for its reclamation. 

Even after enclosure the embankments have to be at- 

ded to, kept in repaii' at a constantly recun-ing expen- 

•e, and often additional works have to be employed for 

Jier protection ; and I have still shortly to notice some 

f the protection stnictiu-es that have been erected in de- 

Bg the banks of rivers and shores of estuaries. 

In Holland, as la well known, the reclamation and 

jction of land, both from the sea and from rivers, has 

carried to a greater extent than in any other 

ntry, and much useful information will be found on 

kt subject, and indeed on reclamation generally, in the 

) by Mr. Paton, Mr. Oldham, and Mr. J. H. MuUer, 

he Proceedings of the Listilution of Civil Engineers? 

There can be no doubt that a smooth surface tends 
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to preserve the banks of a river. The water having no 
obstmction glides gently past without disturbance. But 
if the river's banks have, from n^lect, got into a rugged, 
uneven state, I have found that a very sluggish stream 
may produce an abrading action in excess of what its 
velocity seemed to warrant. The nigged outline of the 
bank produces on a small scale the effect described at 
page 176 as resulting from jettiea The projecting points of 
grass-covered alluvial soil act as so many obstructions to the 



current, and in such a case the abrading action of the river 
cannot be measured by the general velocity of the stream, 
but by the local velocity {if I may use the expression) with 
which it sweeps round, and gradually undermines the 
•^gg^ parts of the bank. Although the passage of a float 
down the centre of a stream indicated a velocity too slow 
to abrade a river's bank, it would be erroneous to assume 
that therefore there are no local currents round the salient 
points of the foreshore strong enough to wear them away. 
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Sometimes stones are deposited to cover gently sloping 
banks, and where they are steep I have found piling and 
brushwood, arranged as shown in fig. 64, a very effectual 
protection for rivers having winding courses and soft beds. 

In other cases, in more open estuai'ies exposed to the work« for pro- 

t«cUon o( land 

f works of a stronger kind are required. Figs, 65 and inop«n 
3 a plan and section of a protection which was used 




I a line of shore composed of shingle. Jetties projecting 
1 the shore had at first been used to collect the shingle, 




i I found that in heavy seas the waves were led along 
the jetties, and had a hurtful effect at their roots where 
they joined the beach. A continuous line of piling and 
planking was accordingly adopted, combined with occa^ 
sional jetties, as shown above, and this has proved very 
snccessfuL In proof of this, it has been found that 
wherever the upright piling and planking has been 
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formed, there was no influx of anything beyond spray 
upon the adjoining land, but that at all other parts of the 
coast (which is about 6 miles in length), where the fiice 
of the beach is sloping, the water passed freely over in 
considerable depth, carrying drift timber &x into the fields, 
and in scHne places heavy shingle to the depth of 2 feet. 
The proUem to be solved was to oppose an obstacle which 
should throw back the sea ; and the upright &ce, from 
which the heavy portion of the sea recoils, is found to do 
this better than the sloping &ce. In order to encourage 
the collection of shingle, a second line of longitudinal 
piling was, at some places, formed in front, and parallel to 
the main line of defence ; and the works described have 
been found a very effective defence on a line of shingle 
beach, exposed to a considerable sea, on the shores of the 
Bristol Channel 

In designing all such works, however, the engineer 
must be guided by the formation and exposure of the 
shores, the kind of materials most easily available, and, 
alK>ve aU, the value of the pro}yerty etidangeredy as every 
engineer must know by experience that in some situations 
protection am only be secured at a cost out of all propor- 
tion to the benefit which it would confer. 
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CROSSING OF NAVIGATIONS BY RAILWAY BRIDGES. 

The intereats of railway companiea and the conser- 

tators of navigations are often antagonistic. It is not 

quently an object of great importojice for a railway 

mpany to obtain a crossing over a navigable river, and 

»y not unnaturally, in tbeir zeal to promote the in- 

1 of their shareholders, undervalue the importance 

navigation. The consequence is, that many of the 

'dest Pai'liamentary battles have of late yeare origi- 

I in the conservators of navigable rivers resisting the 

«tnpts of railway companiea to carry out their schemes 

rith Uttle regard to the obstruction they may interpose 

) sea-borne tntffic, or the nun they may entail on old- 

ablished trade. 

The question as to the propriety of permitting a rail- 

ivay to cross a navigation, must obvioxisly depend on the 

relative importance of the railway and river traffic — the 

amount of interference proposed — the interests of those 

connected with the two trades, and many other points 

which it is neither my province nor intention to discuss 

in this place. But so much has the question of bridging 

na^-iguble rivers of late been brought imder notice, that it 

seems desirable to lay before the reader a statement of 
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the general groiinda on wliich such interferences have 
been opposed on behalf of the interests of navigation, sm 
being a not unaiiitable topic in connexion with the subjed 
of river improvements which we have been considering. 

It is not my intention to refer to schemes for crossin] 
rivers by high-level bridges of great span, but to the moM 
general interference caused by railways crossing on a low 
level, with opening spans for the passage of vessels. 

It is both natural and necessary that the conservatoni 
of the public highways, afforded by rivers, should look 
with no friendly eye on any attempt to obstruct (fr^ 
injure their usefulness. The public owe much to thO' 
firm, and in many cases successful, opposition offered 
on their behalf to some schemes of railway companieff 
deigned to cross a navigable river, in order to save a 
few miles' detour or avoid using part of the line belonging 
to another company, I do not by any means say that 
all railway crossings are, or have been, of this character^ 
There are, and may again be, cases where the benefit 
derived by the pubUc from a railway bridge across a 
river, so greatly outweighs any benefit that can possibly 
be derived from preventing its erection, that the naviga- 
tion may freely yield to the railway. But this is mA 
always the case ; sometimes the two interests may 1 
fairly balanced, and in other cases the proposal to bridgi 
a navigable river cannot for a moment be entertained 
No one at present would dream of interposing a railwai 
crosMng and swing-bridge between London and Grera 
wich, or between Glasgow and Greenock. 

The objections to such crossings have generally I 
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allied from two distinct points of view, the one founded 
on nautical, and the other on engineering groimds. 

The nautical question refers to the mode of navigating 
our tidiil rivers, and the difficulty of taking vessels 
through the narrow opening of a swing-bridge in a rapid 
tide-way. The arguments adduced are, that our rivers 
are entirely dependent on the flow of the tides, and are 
navigable for ships, onli/ when the tidal water is in the 
channel At low water they are shallow fresh-water 
Btreams, sometimes navigable only by small boats. The 
time for the passage of large vessels is restricted to one or 
two hours before and after high water, and it is absolutely 
necessary for vessels to take advantage, not only of high 
water, but of the best tides, both in making and leaving 
the ports on rivers. Every obstruction, therefore, that 
may tend to hinder the progress of a vessel, and lead to 
her losing a tide, is a very serious evil, and renders it 
desirable that no obstacle should be placed in her course. 
Unless vessels can run freely in and out, they will not 
continue to frequent a port. 

For the same reasons objections have been raised to 
the control which such a crossing places in the hands of 
the company. The opening of the bridge must be so 
regidated as to suit the passage of trains, which is, or 
ought to be. regular, whereas the time of high water 
varies from day to day. These, and other objections, 
have been often advanced to show the incompatibility of 
the two interests. 

The engineering objections are foimded mainly on 
the fiict that piers placed in tiie water-way of a river 
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disturb the currents and cause shoals, as will be best 
understood by referring to page 190, where the effects of 
such disturbances are fiiUj discussed. If the bed of the 
river is composed of rock or other hard material, the 
objection founded on shoaling ceases ; but in a river 
having a bed of gravel, or, still worse, of sand, the case 
is very different. The amount of scour will vary mth 
the state of the tides and the amoimt oi fresh in the 
river, and shoals must necessarily be thrown up, varying 
in position and amount according to the currents which 
produced them. These obstructions, as we have seen, 
may be caused by a single tide, so that no application of 
dredging can remove the objection in sufficient time to 
restore the navigable depth of channel for passing vessels. 
It is well known that the shoalest water becomes the 
ruling depth of the navigation, and a shoal which reduces 
the depth by one foot, only at one point, practically 
reduces the depth for navigation by that amount. So 
that if, after high spring-tides or a heavy flood in the 
river, a shoal is caused above or below the bridge, it 
becomes a formidable impediment, all the more so that 
the railway company, with the very best intention, can do 
nothing to remedy the evU, which may spring up in a 
single night. This introduction of any element of un- 
certainty as to depth is perhaps the greatest evil that 
can be inflicted on the interests of a port. 

An artificial covering for the bed and banks of the 
river, similar to what has been described in Chapter VIII., 
may perhaps be suggested as a remedy. But such a 
covering would require to extend for a great way on 
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per side of the bridge, and would be enormously costly, 
kterer the material employed. It would prevent fiir- 
' deepening of the river, and no vessel could drop 
bor on it, Above all, it might be found that the 
den change from a hard to a soft bed at either ex- 
nity produced disturbance of currents and shoals as 
wnvenient aa those caused by the piers of the bridge 
lich it was designed to prevent. 

Swing-bridgea have been sanctioned on several navi- 

We rivers, and attempts to erect them on others have 

1 successfully resisted. The railway authorities have 

iriably admitted that if such crossings are allowed, 

J should be arranged bo as to be as little injurious as 

Bible ; and as I believe the hydraulic swing-bridge. 

Tied for crossing the Ouse near Goole by Mr. T. E. 

ton, is the most perfect structure of the kind that 

9 been made, I shall give a short description of its lead- 

g features, referring the reader for details to the elaborate 

riplion and drawings communicated to the Institution 

C Mechanical Engineers, by Sir William Armstrong. 

It wiU be seen from Plate XVI., which is from Sir 

F. Armstrong's paper, that the bridge has seven spans. 

he main pier, which is about 40 feet in width and 250 

; in length, is placed in the deepest part of the river. 

, tluH pier the moveable part of the bridge revolves, 

ing, when it is open, a jiassage for vessels of about 

BOO feet in width on each side of the pier. 

The following are some of the general descriptions 
lod dimensions, from the paper referred to : — 

■' The total length of the bridge, fixed and moveable, 
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is 830 feet. The fixed portions consist of five spans, of 
116 feet each fix)m centre to centre of piers. Each of 
the piers for the fixed spans consists of three cast-iron 
cylinders of 7 feet diameter, and about 90 feet lengtL 
The depth fix)m the under side of the bridge to the bed 
of the channel in the deepest part is about 61 feet. The 
headway beneath the bridge is 14 feet 6 inches from 
high-water datum, and 30 feet 6 inches from low-water. 
The swing portion of the bridge consists of three main 
wrought-iron girders, 250 feet long, and 16 feet 6 inches 
deep at the centre, diminishing to 4 feet deep at the 
ends. The centre fifirder is of larger sectional area than 
the dda gWe«, ^u^ of Lg a single ™b. U 
a box girder 2 feet 6 inches in width. An annular box 
girder, 32 feet mean diameter, is situated below the centre 
of the bridge, and forms the cap of the centre pier. This 
girder is 3 feet 2 inches in depth, and 3 feet in width, 
and rests upon the top of six cast-iron coliunns, each 
7 feet diameter, which are arranged in a circle, and form 
the centre pier of the bridge. Each of these columns 
has a total length of 90 feet, being sunk about 29 feet 
deep in the bed of the river. A centre column, 7 feet 
diameter, is securely braced to the six other columns by 
a set of cast-iron stays, which support the floor of the 
engine-room. This centre column contains the accumu- 
lator, and forms the centre pivot for the rotation of the 
bridge. 

" The weight of the swing bridge is 670 tons, and 
rests upon a circle of conical rollers. These are twenty- 
six in nvimber, each 3 feet diameter, with 1 4 inches width 
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of tread, and made of castp-iron hooped with steel. They 
run between the two circular roller-paths, 32 feet diameter, 
and 15 inches broad, which are made of cast iron, faced 
with steel ; the axles of the roUers are horizontal, and 
the two roUer-patha are turned to the same bevel 

" The turning motion is communicated to the bridge 
by means of a circular cast-iron rack, 12^ inches wide on 
the face and 6^ inches pitch, which is shrouded to the 
pitch line, and is bolted to the outer circumference of the 
upper roller-path. The rack gears with a vertical bevel 
wheel, which is driven by a pinion connected by inter- 
mediate gearing with the hydraulic engine. There are 
two of these engines, duphcatea of one another, and 
either of them is sufficient for turning the bridge, the 
force required for this purpose being equal to about ten 
tf)n8 applied at the radius of the rollers' path. Each 
hydraulic engine is a three-cylinder oscillating engine, 
with simple rams of 4;^ inches diameter and 18 inches 
stroke. These engines work at forty revolutions per 
minute, with a pressure of water 700 lbs. per inch, and 
are estimated at forty horse-power each. The steam- 
en^es for supplying the water-pressure are also in duph- 
cate, and are double-cylinder en^nes, driving three throw 
pumps of 2f inches diameter and 5 inches stroke, which 
deliver into the accumulator. The steam cylinders are 8 
inches diameter and 10 inches stroke, each engine being 
twelve horse-power. The accumulator has a lum 16^ 
Inches diameter, with a stroke of 17 feet. It is loaded 
with a weight of 07 tons." 

There are other interesting details, showing the highly 
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ingenious mechanism designed by Mr. Harrison and Sir 
W. Armstrong, for adjusting the bridge so as to obtain a 
perfectly soUd roadway, and for other arrangements con- 
nected with the railway traffic, into which I need not 
enter. Sir William closes his paper by stating that " the 
time required for opening or closing the bridge, including 
the locking of the ends, is only fifty seconds, the average 
speed of motion of the bridge-ends being 4 feet per second. 
For the purpose of insuring safety in the working of the 
railway line over the bridge, a system of self-acting 
signak is arranged, moved by the fixing gear at the 
two ends of the bridge ; and a signal of * all right ' is 
shown by a single semaphore and lamp at each end of the 
fixed parts of the bridge ; but this cannot be shown until 
each one of the locking bolts and resting blocks is secure 
in its proper place." 

It has sometimes been proposed to cross navigations 
by carrying the railway helow the bed of the river ; and 
if this could be done by tunnelling^ the objections to 
which aUusion has been made would be entirely obviated. 
But the schemes brought before Parliament for under- 
water crossings have invariably been coupled by a pro- 
posal to execute the works by open cutting, either by 
diverting the river or constructing cofierdams in its bed. 
The difficulty of dealing in this manner with a large river, 
without, for a considerable period, seriously obstructing 
its navigation, and the obvious disadvantages of such a 
crossing, both as regards gradients and drainage, have 
hitherto, so far as I know, prevented any such scheme 
being passed by the Legislature. 
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Basins, tide, 258. 

Bateman, J. F., 15, 40. 

Beardmore, K., 109, 145, 337, 338. 

Beche, Sir H. de U, 313, 319. 

Beds of rivers, beneficial results from 

reduction of the inclination of, 224. 
Beechey, Admiral, 166, 170, 226, 338, 

339. 
Belfast quays, 260. 
Bhmken, M., 32. 
Blasting previous to dredging, 212. 

under water by gun-cotton, 215, 

Bore in rivers, cause of, 163. 

on the Amazon, 168. 

on the Dee, 164. 

on the Severn, 166. 

Borings, 94. 

Bossut, 314. 

Bonniceau, M., 319. 

Boyne, physical characteristics of, 337. 

Bridges, piers of, ol>stmct tidal flow, 

180. 

artificial beds under, 180, 332. 

railway, crossing navigations, 329. 

Bridgewater canals, 8. 

Brindly, J., 8, 9. 

Bristol Channel, works for protecting 

land at, 327. 
Brooks, W. A., 339. 
Buchanan, G., 280. 
Bucket-dredging, 199. 

Caerdyke Canal, 5. 
Caledonian Canal, 29. 
Calver, Captain, 119, 2.W. 
Camel for floating vessels over shoals, 
32. 
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Canal — AmHterdam, 33 ; Bridgewater, 
8 ; Caenlyke, 5 ; Caledonian, 29 ; 
Crinan, 28 ; Firth of Qyde, 27 ; Foss- 
dyke, 5 ; Great Western, 15 ; Glou- 
cester, 21; Languedoc, 5, 27 ; Monk- 
land, 15 ; Morris, 14 ; North Holland, 
31 ; Suez, 39. 

Canals, bai^, 1. 

banks of, protection at water-line, 

18, 21. 



wasting of, by haulage and 
steam -towing, 21, 24. 

— Chinese, 5. 

— haulage on, 20. 
inclined planes and perpendicular 



lifts, 5, 14, 15. 

— locks, invention of, 3. 

, double-acting, 35. 

sizes of, on barge canals, 13. 

— off-lets, for emptying, 17. 

— pitching of banks, 18, 21. 

— puddling for, 18. 

— reaches and locks of, 13. 

— ship, 27. 

— sectional area of barge, 12. 

— steam -towing on, and its effect on 
the banks of, 20, 21. 

— stop-gates 0^ early, 6. 
16. 



19. 



towpath, drainage of, 18. 

traflSc on, best mode of conducting, 

waste-weirs of, 15. 

water, supply of, 11. 

Carlingford Loch, dredging in, 217. 

CariH?nter, Dr., 119. 

Castelli's theory of bars, 269. 

Cay, W. D., 197. 

Channels of some rivers liable to con- 
stant variations, 183. 

through sand - banks over bars, 

changes in, 280. 

— - making walls for guiding, 183. 

permanent, obj^-ct of river-works 



to secure, 185, 2*27. 

subsidiary closing of, 193. 



Chapman, W., 2.y.i. 

Chesney, (leneral, 41. 

Clarke, Cohmel, 40, 47. 

Clegram, W. B., 20, 21, 22. 

Clyde, bed, nature and weight of mate- 
rials composing, .'Uo, 'MO. 

- - dredges, dimensions of, 204. 

dredging, amount and cost of, 

202. 

excavation in, by diving bell, 218. 

flooding has been diminished by 

works, 172. 



Clyde, improvements executed on, and] 

their effects, 249. 
jetties, recommended by €rolboanie| 

for, 249. 

low-water line, lowering of, 250, 



251. 

— physical characteristics of, 337. 

— quays, sections of, 261. 
velocity of surface - currents o^! 



227. 



186. 



walls first proposed by Mr. Walker, 



— walls largely used in lower pari U 
river, 249. 

weir at, question as to its remonl, 



252. 
Cochin, bar at, 272. 
Cofferdams, 220. 
Condamine, Mr., 168. 
Conon, river and tidal water in, 275. 

physical characteristics of, 337. 

Coode, Sir J., 215. 

Coquet river, physical eharacteristioi of, ' 

337. 
Crib work, 146, 154. ' 

Crinan Canal, 28. 
Cromarty Firtli, comparison of river and } 

tidal water in, 275. 

under-currents, 115. 

cause of, 122. 

Cross dredging, 210. 

Cubitt, Sir W., 14, 15, 144, 147, 150, 

213. 
Currents. See Discbarge, Velocities. 
surface, in different rivers, 227. 

D.\MS AND Locks, 145. 

and flooding, 147. 

Danube, bar at, and works for its im- ; 

provement, 298. I 

physical characteristics of, 297, 337. 

works executed for improvement of 

upper part of, 152. 
Datum line, 85. 
Deas, James, details of dredging aiitl 

dre«lges at the Clyde, 202. 
DtH? (Aberdeenshire), diversion of, at 

Aljerdecn, 197. 
method of obtaining specimens of 

water at, 1 24. 

physical characteristics of, 337. 

under-currents of, 115, 124. 



Dee (Cheshire), bar, depth of water over, 

265. 

bore on, 163, 164. 

deepest after winter flood.s, 192. 

jetties on, produce shoals and deep 

pools, 176. 
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Dee, i-byaical choractcriaties of. 337. 




ri'dttitiiition of Iliad on, injuriotw 


99. 


«llectu «f. 303. 


^nde^-oa^reut^ 117, 113. 120. 


tidal liues of, v&riationa in, TG. 




11)3. 


Floods have a higher ratio to ordinary 


velocitiea of aarfaco (Murenti, 22(i. 


diacharco in snialt thou lance rivers, 


Deepening of rivers. See Low-water. 


lU. 


Deltas. fomaUonof. 318. 


rtiechorge when oscertaiDed shonld 


Deposits, depth of, aiinnaUy left on 


exclude. 111. 


shore* of estuaries, 319. 


water passing off diflerent groundi 


in rivers, nature and weight o{, 320. 


during, 112, 113. 


Denbnni, Captain, 223. 22fl, 317, 338. 


ganging rivers excInaivD of, 1 14. 


I>irks, H.. 34. 


in Mississippi, origin of, and works 


Discharge of rivHn, 117, 107, 




method of dctcrmininti;. tIS. 




—- excludlDg floods. lU. 


ni.li flooding, 171, 172. 


formula- for ealcuUtinft 105, 108. 




flo«lg. 111. 


Forth, barlesB river, 271. 


requires coutriil in large riverB, 135. 




Diving-bell, excavation by, 21S. 


section of. showing present and 


Docks, wot. 258. 


former low-water Unea, 239. 


Dornoch Firtli, cause of bar at, 267. 268. 


tidal lines of, variations in, 83. 


tidal phoDOTaens of, 67. 160. 




velocity of currents, 227. 


works, 240, 242. 






tidal water in, 277. 


and their effect, 238. 


Drainagu of towpathl of canals. IS. 


Fossdyke Canal, 6. 


of rivorB, iirouortionate to areas of. 


Fowler. Joh.1, 172. 180. 26.1. 254. 339. 


134. 




Dredges, liag and spoon, 111$. 


181. 


bucket, between two lightow. 198. 


river, physical characteristics of. 




337. 


hand, 201. 


quays at. 260. 


silt pnmp, 208, 209. 


Fn-ah water flowing over salt, 115, 124. 


steam. 200. 


293. 






T>reaging. ile vntrodnrtion, 198. 






in estuaries, 276. 


lloBtiiig off dmlgiugs, 200. 


aiieciflo gravity of fresh lui'l salt 


on Clyde, amount and oort of. 202, 


water, 132. 


on Wear „ „ 2u7. 


Frisi, P.. 4. 195, 314. 


hard nifituriats roinire to be blastvd 




before, 212. 


Utcrrx, M.. 209. 


eros.. 210. 


nangcs. vhyrieat uharoetoriaticR of. 337. 




Garliok. K., 247. 


in Mjmaed situatioitH, 217- 


(laugo, tide, 75, 86. ^^ 


DiL BuRt. 104, 106, 224. 


Gauging streaius, 97. _^^^^^H 
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Edw«hiis.O.. 213. 


GlBngow iinayi, 261. ^^^^H 


EUet, C, 108, 1.15. 227.293, 316, 837. 


Golboume, J.. 240. ^^^^^H 


Kme river, example oE a nrer dufioient 


Goole swing-bridge, 333. ^^^M 


in tidal capacity. 255. 


Gonton. L. D. R, 1 16, 322. ^H 


bb»tiiigiD,212. 


Oreat Weatem Canal, perpendicular lilt ^H 


Everest, Rev. Mr., 3X1. 


on. 19. H 


Excavation by cofferOanH, 220. 


Green. J.. 15. ^M 


bydiving-beU. 21S. 








FisclNK WORK, 152. 153. 


able. ^M 
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6ro3me8 at entrances to riven, 300. 

for protecting berthage of veasela, 

259. 
Golf Stream, 122. 

Hand dredoeh, and dredging by, 201. 
Hard bottom, blasting of, 212. 

cofiferdam suitable for, 220. 

Harrowing, scour facilitated by, 223. 
Harrison, T. E., 333. 
Hartlepool Slake, backwater, 278. 
HarUey, Sir Charles, 297, 337. 
Hawkshaw, J., 33, 37, 44, 182. 

Healy, S., 20. 

High water not raised by facilitating 

tidal propagation, 170. 
HUls, Captain, 286, 288i 
Holland, canals in, 31. 
reclamation and protection of land 

in, 325. 
Homer, L., 316, 338. 
Howden, A., 113. 
Hudson river, 259. 
Hutcheson Bridge, 251. 
Hydraulic mean depth, 107. 
Hydrometric observations, 68. 
Hydrophores, different forms of, and 

manner of using, 124. 

Inglinisb planes and perpendicular lifts, 

6, 14, 15. 
Inverness Bridge, artificial bed for, 181. 

harbour, groynes at, 259. 

Irrawaddy, materials held in suspension 

by, 318. 
physical characteristics of, 337. 

Jackson, G., 32, 151. 

Jardine, J., 63. 

Jeffreys, J. G., 119, 151. 

Jetties in rivers objectionable, 176. 

beneficial results from removal of, 

179. 

Land benefited by river improvements, 

311. 
works for protection of, in rivers 

and estuaries, 322, 326, 327. 

reclamation of, 302. 

line of conservation proposed 



for, 324, 

depends on amount of mate- 
rials held in suspension by rivers, 312. 

vegetation on, 321. 

— marsh, level of, 321. 
section of manner of forma- 
tion of, 323. 



Languedoc Canal, 5, 27. 

Lary Bridge, 180. 

Lep^re, M., 39. 

Le Ferme, M., 209. 

Leslie, Sir John, 32, 108. 

A., 113. 

J., 16, 114,276. 

Lesseps, F., 39. 

Levelling by tide-ganges, 94. 

Loch Fleet, hard bar at, 300. 

Locks, canal, 3, 14. 

and diuns on upper parts of navi- 
gations, 145. 

Login, T., 315, 316. 

Londonderry Bridge, 181. 

quays, 260. 

Longitudinal dredging, 210. 

sections, 94. 

Low-water line, lowering of, 224, 227, 
250, 306. 

Lune river channels, variations in, 183. 

low-water line, depression of, 305. 

physical characteristics of, 337, 338. 

tidal lines, variations in, 79. 

tidal water, increase of, by works, 

306, 309. 

works executed for improving, 247. 



Lyell, Sir C, 317. 
Lyster, G. F., 282. 

Marsh lands. See Land. 

Marcet, Dr., 130, 133. 

Materials, heaviest, next the sea in tidal 

estuaries, 313. 

lightest, do., in rivers, 314. 

held in suspension by different 

rivers, 316. 

nature and weight of, in bed of 



Clyde, 316. 

size of, capable of being carried by 



rivers, 314. 

velocities of streams capable of 



carrying different kinds of, 315. 
Mean sea level, 63. 

velocities of rivers, 107. 

Meik, T., 273, 339. 

Mersey river bar, depth of water on, 265. 

changes of sand-banks and depth of 

water on, 286. 
materials held in suspension by. 



318. 

— physical characteristics of, 338. 

— velocity of tidal currents in, 226. 
Wallasey Pool backwater, 280. 



Milne, J., 20, 22. 

Missi8si])pi river bar, fillet's theory for 

formation of, 293. 
delta of, 319. 



^^^Hp INDEX. H 
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Reonie, 0., 19,87,227, 330. 


H (or colcaldtiag, 108, 13a 




^r- drain»ne, area of, 141. 


318. 


"■ in»teriiJbrooghtJownby.U0.318. 


Rhine, pliysioal obaracteristics of, 338. 


origio of flnoda in, noil works pro- 


works c»ecuteil for improving upjicr 




portion of, 151. 


pbyiioia choricterutica of, 135. 


Rhodes, Thomas, 131. 


uelocitiai of, 227. 


Ubono, physical characteriatios of, 338. 


Mitchdl, H, 04, 120, 322. 


Ribble bar, depth of water over, 265- 


^lonklaiMl Canal, iuclinej plane on, 15. 


cofferdam uaeil in, 220. 


MontnwK baaiu. 279. 


low-water hne, dcpressian of, 305. 


MoiTta canal, do., 14. 


phyricftl ohatacteriatics of. 338, 


MuUar, J., 325. 


tidal scour, land which might be 


Murray. J., 207, 227. 






walls nsed on. 187, 247. 




works ciecutedforimprovemojit of. 


navigable upper purt of, 143, 


nod their effects. 245. 


wowing of, by railway brulgea, 329. 


BioUards, Admiral, 40, 47. 


' «tiU w.tor. 144. 




tunnelling under, 330. 




Neu river, want ot ti.bi] capacity, S.SS. 




phyaivn] clutfactrrirtiai of, 33S. 




Newry,2l2. 


fined, 54. 


Niagara FalU. crib work used at, 1S4. 




Nile, physical eharacteruttiia of, 338, 






Robison, Professor. G7. GO, 108. ^^^^H 


North EoUjuid conabi, 31. 


Rodrigiiex, Manuel, 131. ^^^^H 




Russell, John Scott, 10, 153, 1G3. ^^^H 
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Off-lets for canabi, 17. 


Sabine. Sir E., 131. 


Oldham, J., 325. 




Otter, Admiral, 228. 


changea in. Sw Bars, 


OuBC swing-bridge, 333. 






Schuylkill, dams on, US. 


Park, P., 192, 245. 321. 338. 




Paton. J., 325. 


283. 






in. 132. 


deepens riven^ 1 92. 


velocity of tide mirrent« in, 226. 




Pen»ndicular lifts oa fanala, 14. 15, 


— — keeps open »»4id ban, 274, 


Pctcrmau, A.. 339. 


Isiul which mi!;ht bo reclaimed 


Piers at entrances to rirera to protect 


without decreasing, 310. 


ban, 200, 29». 


bars said to originate from deli- 


section* of, 259. 


cient, 267. 


Pilobing of canal banks. 18, 21. 


Scouring in rivers, 222. 


Price. H.. 2.'>3. 


beneficial, a reaidt of river works. 


Puddle for canals. 13. 


228. 






QuAVs, scotioBB of river. 260. 




r' 


efficiency of backwater for, 274, 
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^^Kidolpb. C. 208. 


262. 


"- Rankine, Professor, 10, 13, 13. 
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Sectional area of barge eansla, 13. 
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Severn, bore on, 166. 

blasting at, 212. 

wein on, 147. 

physical characteristicB of, 338. 

sUting at, 320. 

velocity of current in, 226. 

Shannon, oblique weirs on, 151. 

Shepherd, 6., 152. 

Shingle, groynes for leading, 259, 300. 

Ship canals, 27. 

Silt pump dredges, 208, 209. 

Simons, Messrs., improvements in steam 

dredges, 207. 
Slope in rivers, definition of, 107. 
— — reducing the inclination of, 

224. 



limits of beneficial reduction 

of, 224. See Forth, Tay. 
Smeaton, J., 6, 27, 249. 
Smiles, S., 8. 
Smith, J., Belfast, 260. 
Soundings, datum for, 85. 

formulae for reducing, 86. 

high and low water, 91. 

rules for taking, 89. 

tide gauges used in reducing, 85. 

Spoon dredge, 198. 

Spratt, Captain, 119. 

Stanches, 144. 

Steam dredging. See Dredging. 

towing on canals, 20. 

towing on rivers, 20, 25. 

Stevenson, Alan, 115, 275. 

Robert, 115, 124, 251, 253. 

Thomas, 209. 

Still- water navigations, 144. 

Stones raised by floatation, 219. 

Stopgates on canals, 5, 16. 

Stour, stanches on, 144. 

Straight cut substituted for bends in 

rivers, 196. 
Suez Canal, 39. 

dredging on, 209. 

tides in, 50. 

Tachometer, 100. 

Tay river bar, depth of water, 265. 

changes on sandbanks of, 286, 

288. 

bridge, scour produced by, 182. 

boulders raised by floatation, 219. 

currents, effect of grounded vessel 



in distorting, 178. 

velocity of, 226, 227. 



309. 



discharge in floods, 276. 
physical characteristics of, 339. 
scour produced by works, 225, 



Tay river : land which might be reclaimed 
without decreasing scour, 310. 

slopes, relation of, to tidal propa- 
gation, 242. 

subsidiary channels closed in, 194. 

tidal and river water, comp;rison 



of, 276. 

phenomena before and after works. 



234. 



works for improvement of, and 

their beneficial effects, 229, 232. 

Tees, jetties and their effects, 253. 

straight cuts substituted for bends, 

196. 

walls at, 189. 

training walls executed and their 



beneficial effect, 253. 

flooding has been diminished by 



works, 172. 

physical characteristics of, 339. 



Telford, T., 9, 29, 143. 

Thames, ph3rsical characteristics of, 

339. 
Tidal compartment of rivers defined, 54. 
works for its improvement, 

173. 

bore, cause of, 163. 

currents, 161, 226. 

flow, importance and modification 



of, 156, 157. 

— lines, non-parallelism of, 76. 

— phenomena of Dornoch Firth, 57. 
of Forth and Tay before and 



after works, 229. 
— propagation, 156. 

affected by slope, 159, 161. 

river works intended to faci- 
litate, 169. 

high water not raised by faci- 



Htating, 170. 

— range increase of, an effect of river 
works, 227. 

— scour. See Scouring, 
wave, laws of its propagation, 158, 



244. 



obstacles which operate iu 



retarding, 162. 
Tide basins, 258. 

currents, velocities of, 226, 227. 

equalized by river works, 228. 

gauges, 75, 85. 

duration of, increased by lowering 



low-water line, 225, 228. 

Tides, nature of inquiry into, 73. 

anomalies of river, 69. 

observations, 68. 

selection of stations for observa- 
tions on, 76. 
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Tides in Suez Canal, 50. 

Towpaths of canals, drainage of, 18. 

Training walls, 183. 

Tunnelling under navigations, 336. 

Tweed, physical characteristics of, 339. 

Tyne, depth of water over bar, 265. 

physical characteristics of, 339. 

Undercurrknts, 115. 
method of ascertaining, by tacho- 
meter, 116; by floats, 117. 
cause of, 122. 



Ure, Mr., 20, 262, 387. 

Veuetation, level of, first indications 

of, 321. 
Velocities of currents, 226. 

mode of determining, 98. 

Du Buat's formula, 105, 109. See 

Discharge. 

of tide currents in rivers, 226. 

table of surface, in different rivers, 



227. 



of streams capable of carrying 

materials, 315. 
Vetch, Captain, 31. 
Vignolcs, C., 6. 

Walker, J., 19, 186, 249, 261, 276. 
Wallasey Pool backwater question, 280. 
Walls, training, for guiding rivers, 186. 
section of, 191. 



Warping or land-making, 312. 
Washington, Captain, 337. 
Waste weirs of canals, 15. 
Water 8ui>j>ly for canals, 1 1. 
Water, density of fresh and salt, 124. 

under and superficial strata of, 

124. 



— method of obtaining specimens of, 
from dififereut de]>ths, 1 24. 

occurrence of fresh water in the sea, 



130. 



fresh and salt, specific gravity of, 



132. 



river and tidal, in estuaries, com- 
parison of, 275. 

Watt, James, 29. 

Waves cause sand bars, 267. 

Wear river bar, experiments to determine 
whence materials ^hich form the bar 
are derived, 273. 

bar, depth of water over, 265. 

dredging, quantity and cost of, 207. 

physical characteristics of, 339. 

piers to protect entrance to, 290. 

Weirs for upper navigations, 145. 

obstruction presented by, 147. 

for public works, 174. 

Wet docks, 258. 

Whewell, Dr., 171. 

Wrecks cause changes on sand bars, 288. 

YouNO, Dr. T., 187. 
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